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Zusamenfassung
Gegenstand dieser Arbeit war die Untersuchung ionenstrahlinduzierter Scḧadenbildung und
-ausheilung in kristallinem und konventionell vorgeschädigtem Ge, GaAs und InP. Der zen-
trale Punkt der Untersuchung bestand in der Aufklärung des Einflusses verschiedener exper-
imenteller Bedingungen auf die oben genannten Effekte.
Die kristallinen und vorgeschädigten Proben wurden entweder bei Flüssigstickstoff-
Temperatur (LNT,≈ 80 K) oder bei Raumtemperatur (RT) mit Kr, Xe oder Au Ionen mit
spezifischer Energie von etwa 0.3 MeV/u bis 3 MeV/u bestrahlt. Wesentlich dabei ist die
Tatsache, dass in allen diesen Fällen der elektronische Energieverlust pro Ionenweglän e,εe,
viel größer ist als der nuklerare Energieverlustεn. Anschließend wurden die Proben mittels
Rutherford R̈uckstreuspektrometrie (RBS) und/oder Transmissionselektronenmikroskopie
(TEM) untersucht.
Die Bestrahlung von einkristallinem Ge und GaAs mit 140 MeV Kr, 390 MeV Xe,
und 593 MeV Au Ionen bei RT führt zur schwachen Schädenbildung in den Proben. Die
relative Konzentration von Defekten,da, steigt sehr langsam mit der IonenfluenzNI an,
wobei der maximale Wert vonda bei der maximal erreichten Fluenz etwa 3% beträg . Die
Hochenergie-Ionenbestrahlung von vorgeschädigten Ge und GaAs Proben bei RT hat eine
effektive (bis zu 90%) Ausheilung von vorhandenen Defektenzur Folge, es sei denn, dass
die Vorscḧadigung selbst eine dicke amorphe Schicht erzeugt.
Oberhalb einesSchwellwertes, ε thre , von etwa 13 keV/nm bei RT, wird eine deutlich
sẗarkere Scḧadenbildung in InP durch den hohen elektronischen Energieverlust hervorgerufen.
Schon relativ kleine Fluenzen der 593 MeV Au oder 390 MeV Xe Bestrahlung f̈uhren
zu einer Amorphisierung des Materials. Im Gegensatz zu (überschwelligen) Bestrahlun-
gen von InP mit 593 MeV Au oder 390 MeV Xe Ionen hat die Bestrahlung von InP mit
(unterschwelligem) 140 MeV Kr Ionen bei RT keine Amorphisierung zur Folge, und für die
maximal erreichte Fluenz beträgtnda ≈ 5%. Außerdem f̈uhrt die Bestrahlung von konven-
tionell vorgescḧadigtem InP bei RT zu einer sehr effektiven Ausheilung der vorhandenen
Defekte, welche jener von vorgeschädigten Ge und GaAs sehrähnelt. Im Gegensatz zur
140 MeV Kr Bestrahlung heilen die Schäden in vorgescḧadigtem InP weder unter Xe- noch
unter Au-Bestrahlung kaum aus.
Die Fluenzabḧangigkeit der relativen Defektkonzentration,da(NI ), wurde in InP im
Rahmen des̈Uberlappungs-Modells von Gibbons für verschiedene Ionensorten analysiert.
Mit Ausnahme der 140 MeV Kr Bestrahlung, lassen sich die experimentellen Daten f̈ur RT-
und LNT-Bestrahlungen gut beschreiben, wenn angenommen wird, dass entweder die nullte-
oder die erste Ordnung von̈Uberlappungen f̈ur eine lokale Amorphisierung notwendig ist.
Untersuchungen mittels Transmissionselektronenmikroskopie (TEM) zeigen, dass die
Anzahl der Ionenspuren in InP unter Bestrahlung bei RT mit oberschwelligen Xe- oder Au-
Projektilen der Ionenfluenz entspricht. Mit steigender Ionenfluenz fangen die Ionenspuren
an sich zuüberlappen und werden auf diese Weise breiter. Die Bestrahlung von InP mit
390 MeV Xe Ionen bei LNT erzeugt stark diskontinuierliche Spuren, was die Feststellung
erklärt, dass bei LNT einkristallines InP viel strahlungsresist nter ist als bei RT.
Die experimentellen Ergebnisse wurden im Rahmen eines erweit rten Thermal-Spike-
Modells (TS) beschrieben. Das Modell schlägt vor, dass die Ionenenergie durchElektronen-
Phononen-Kopplungins Gitterübertragen wird, wobei die Gittertemperatur ansteigt. Wenn
die resultierende Gittertemperatur den Schmelzpunkt¨ berschreitet, dann kann das Material
lokal geschmolzen werden. Auf diese Weise kann die anschließende Abk̈uhlung und Erstar-
rung der geschmolzenen Zone die bestehende (partielle) Unordnung einfrieren und so eine
Ionenspur hinterlassen.
Die theoretischen Ergebnisse dieser Arbeit ermöglichen es, den Einfluss verschiedener
Bestrahlungbedingungen (Ionenmasse und -energie, Bestrahlungstemperatur, usw.) auf die
Spurbildung in InP zu erklären und quantitativ zu beschreiben. Weiterhin stehen die Erg b-
nisse der Rechnungen im Widerspruch zu der in der Literatur weitverbreiteten Verwendung
eines einzelnen Schwellwertes der Spurbildung, ε thre , für verschiedene Ionensorten. Die
Rechnungen zeigen, dass es keinen allgemeinen Schwellwertε thre in InP gibt, sondern dass
dieser f̈ur leichtere Ionen gr̈oßer ist (12.0 keV/nm bzw. 14.8 keV/nm für Au bzw. Xe).
Im Gegensatz zu InP, kann der Schwellwert für die Spurbildung in Ge und in GaAs mit
einzelnen Ionen wahrscheinlich noch nicht erreicht werden, s lbst nicht unter 593 MeV Au
Bestrahlung. Dies ist in̈Ubereinstimmung mit den Ergebnissen, die von anderen Arbeits-
gruppen ver̈offentlicht wurden.
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Germanium (Ge), gallium arsenide (GaAs) and indium phosphide (InP) are well-known
semiconductor materials used for various electronic applications. Very often particular im-
portant properties of the materials mentioned above (e.g.,carrier mobility, break-down volt-
age, resistance to oxidation, etc.) remarkably surpass thecorr sponding ones for silicon (Si)
which strongly dominates the industry. In this way these altrnative materials are far better
suited to many future demands. However, their broader application is restricted due to var-
ious reasons. First, unlike Si, their constituents are veryra e elements in the earth’s crust;
therefore, a production of the compound materials is inevitably connected with higher costs.
Second, there are difficulties connected with fabrication of large high-quality wafers (com-
pare maximum diameters of wafers used in the industry: 6 inches for GaAs and 12 inches
for Si). And, last but not least, it is due to a more complex technology necessary to produce
single microelectronic elements or chips.
Especially indium phosphide rates a special mention as a very promising material suit-
able for various electronic and optoelectronic applications [1]. It is considered to be the
fourth-wave in semiconductor materials [1], after germanium, silicon and gallium arsenide,
due to its outstanding physical properties as, for example,thehighest peak velocity of both
electrons and holesamong all known semiconductors; high thermal conductivityand electric
field breakdown; tens of percent lower turn-on voltage for different devices if compared to
that of competing GaAs and SiGe; low power consumption per transistor, and so on. Its suc-
cessful applications cover the InP-based high electron mobility transistors which are known
to be the fastest among all the transistors (their reported cut-off and maximum oscillation
frequencies are about 400 and 600 GHz, respectively); high-efficient and high-speed quan-
tum well lasers, photodetectors and other active and passive optical elements of photonic
integrated circuits (amplifiers, switches, (de)multiplexers, couplers and splitters), which are
able to work at 1.3 and 1.55µm light wavelength, and which can be fabricated on asingle
chip; InP-based solar cells for satellite applications on relatively cheap silicon substrates,
which have reached the efficiency of 19% and proved to be highly radiation-resistant in real
space tests. Also ternary and quaternary alloys (e.g. InGaAs and InGaAsP) can be epitaxi-
1
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ally grown lattice-matched on GaAs or InP substrates. By changing the composition of the
quaternary alloys, the bandgap wavelength can be tuned anywhere between 0.92µm and
1.65µm and, hence, such material can be used for production of bothactive (absorption or
gain) and passive (transparent) electronic elements working in the telecommunication win-
dow of 1.25-1.65µm.
However, InP is a much less investigated material than, for example, GaAs whose com-
mercially viable technology emerged already in the late 1980s. Like GaAs, InP has no native
oxide; it means that one has to introduce either additional defects or impurities to create both
device/device and active-layer/substrate isolation. Because of the low thermal stability of
InP the most prominent way to dope or electrically isolate thmaterial in vertically lim-
ited layers or to modify quantum well layers is the ion implantation with MeV ion beams
(protons, helium, oxygen, arsenic, etc.).
One cannot help mentioning the recent demands in the modern electronics, as to increase
the working frequency of the basic elements, to lower the power consumption and heat dissi-
pation, and to produce more compact chips. Obviously, this leads to a necessity to use deeper
layers (probably, combined with 3D integration) and, therefor , one has to apply faster ion
beams (tens of MeV and more) in order to modify materials to larger depths. Furthermore,
MeV ion beams are known to produce much less surface damage thn the conventional keV
ions. Thus, MeV ion irradiation can be performed virtually at e ch temporal stage of the
whole technological process (e.g., to form buried isolating a d gettering layers, or for a final
tuning of the working parameters of completed devices).
During the last decades a growing interest is observed in high energy ion implantation in
order to form thick or buried layers with modified properties[2]. In this case the drastically
increasing electronic energy deposition1 can influence the implantation-induced damage for-
mation in a many-sided way. On the one hand, the high electroni energy deposition can lead
to creation of new defects, but on the other hand, it is able totransform or anneal already
existing radiation damage. In order to predict the damage distribution resulting from MeV
ion implantation under various irradiation conditions, itis desirable to study the influence
of the electronic energy deposition,εe, separately from the other concomitant mechanism,
that is, the nuclear energy deposition,εn. This can be done, e.g., by using swift heavy ions
(SHI’s) with energies in the range of several hundreds MeV, where the maximums of the
depth distributions forεe(z) andεn(z) are well separated from each other.
It is worth mentioning that irradiation of various semiconductors with energetic ion or
electron beams results in many-sided physical effects. Previously, Wieet al. [3] have sug-
gested that perpendicular lattice strain produced with 15 MeV Cl irradiation in GaAs at 300 K
is controlled by antisite defects and their complexes (antisite-vacancy, antisite-antisite, or
antisite-interstitial pairs). It was observed that the strain saturates at≈ 0.4%. The complete
1Though “electronic energy deposition” has a broader meaning, in the following this term will be used
exclusively as a synonym of the linear energy transfer (LET,in units of energy/length) and denoted asεe.
INTRODUCTION 3
recovery of the lattice strain occurs at about 700 K, which agrees with the recovery stage of
isolated antisite defects in GaAs. In p-Ge a type conversionto n-Ge was found by Levaloiset
al. [4], and it was stated that the observed modification is a consequence of the formation of
point defects during SHI irradiation (vacancy-oxygen or vacancy-doping impurity complex
and divacancy). Later, Weschet al. found that irradiation of GaAs with 10 MeV Se at 300 K
caused only weak damaging in the depth region whereεe dominatesεn [5]. Primarily pro-
duced damage appeared to be much more stable in InP than in GaAs; it was found that the
degree of damage annealing and transformation due to (relatively) high value ofεe in GaAs
is much higher than in InP [5]. Moreover, it was stated for GaAs that the higher theεe, the
smaller the number of defects produced per vacancy. Then, Jencicet al. observed stimulated
crystallisation of spatially isolated amorphous regions in Si, Ge and GaAs at 30 K and 300 K
due to energetic electron beam irradiation [6, 7]. The crystallisation took place even when the
energy of the electron beam was less than that required to create point defects in the crys-
talline material. However, in contrast to the ion beam-induced recrystallisation, electrons
below the threshold displacement energy do not cause crystallisa ion of thick continuous
amorphous layers but do cause crystallisation of spatiallyisolated amorphous zones [8].
Further, Herreet al. [9], Weschet al. [10], Gaiduket al. [11, 12], and Szeneset al. [13]
reported on formation of amorphous continuous and discontinuous ion tracks (see Fig.1 1),
Fig. 1.1: Ion tracks in InP. Panorama-view XTEM images of InP irradiated at room temperature with 250 MeV
Xe up to the fluence of 7x1012 ions/cm2. Taken from [9].
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high pressure (wurtzite) phase and amorphous layers in a depth r gion of dominating elec-
tronic energy loss for single-crystalline InP irradiated with swift Xe ions. The ion tracks were
formed at room temperature (RT) and onlyabove some threshold electronic energy deposi-
tion ε thre ≈ 13 keV/nm determined for fast Xe ions (lower values ofεe were found to form
point defects and defect clusters but not amorphous tracks). With ongoing SHI irradiation,
the ion tracks begin to overlap, and extended amorphous layers ar formed at sufficiently
high ion fluences [9–11, 14]. And the last, the recent results of Weschet al. [15–17] and
Kamarouet al. [18–20] on effects of SHI irradiation in virgin and predamaged GaAs, InP,
and Ge show that depending on the ion mass, ion energy and the irradiation temperature,
the bombardment with various SHI’s causes damage formationin the virgin materials (much
more noticeable in InP than in GaAs or Ge) and more or less pronounced damage annealing
in the predamaged ones. Furthermore, it was shown that both the damage formationand
damage annealingoccursimultaneouslyduring SHI irradiations [18].
There are four main competing mechanisms of the ion track formation in solids due
to high electronic energy deposition that are discussed in literature: Coulomb explosion
[21–24], shock waves [25–27], lattice-relaxation (also called “athermal melting”) [28–30],
and inelastic thermal spikes2 (i-TS) [13, 31–34] dating back to Desauer [35] and Seitz and
Koehler [36]. The TS model of track formation is a well established approach that has
been successfully applied to some metals, intermetallic compounds and dielectrics [37–41].
Because of the complexity of all energy relaxation processesinvolved, this model is also
subjected to criticism [42–44] like all models mentioned above. However, the TS model
seems to be the most elaborated one; furthermore, to our knowledge, currently it is the only
model being able to provide at least approximate predictions on track formation in numerous
conducting and nonconducting targets.
The TS model suggests that the energy is transferred to the lattice via electron-phonon
coupling (see Sect.5.1and5.2), which leads to an increase in the lattice temperature. If this
increase surpasses the melting point, the material can melt. In this way the following fast
cooling (also called “fast quenching”) of the molten zone can freeze the resulting damage in
and thus leave an ion track behind.
To our knowledge, no experimental results available in literature directly prove that a
SHI passing through matter causes a local melting of the targe material at the ion path and
close to it. As a rule, the resulting effects (e.g., various phase transformations in simple or
layered structures, or modifications of the existing surfaces and interfaces, etc.) are registered
and measured on a time scale that is incommensurable with thecharacteristic time intervals
of the basic processes being the first cause of the changes obsrved.3
2In the following it is referred to as “thermal spike model” or“TS model” for short.
3The “microscopical” (more precisely, “nano-scale”) process s triggered by a SHI penetrating the matter
usually last not longer than 10−13–10−10 s, whereas the conventional methods (RBS, TEM, SIMS, optical ones,
etc.) demand many orders of magnitude larger time spans for collecting a spectrum or acquiring an image even
if applied in situ.
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Nevertheless, some observed effects support the idea of thelocal melting indirectly.
One of such effects is the well-known intermixing in layeredstructures by swift heavy
ions [45–51]. It was shown that the mixing takes place only in above-thres old regimes (re-
garding the value ofεe), and the respective threshold is determined by the more radiation-
resistant material of the corresponding structure [45]. The last conclusion gives a clear indi-
cation that an efficient intermixing occurs only if both sides of the interface are locally molten
by SHI’s. Furthermore, for all experimental conditions favouring the intermixing4 the effect
is governed by very efficient interdiffusion of the constituent atoms [49, 50]. This diffusion
is too fast to be ascribed to solid-state processes, becausethe r spective diffusion coefficients
(from about 10−4 to 10−2 cm2s−1) are several orders of magnitude larger than the solid-state
ones. In fact, such diffusion coefficients are characteristic to liquid-state diffusion, which
supports again the idea that the interface mixing results from the transient interdiffusion in
the molten tracks of the SHI’s.
Generally, SHI irradiation of virgin InP in the electronic stopping regime causes the for-
mation of small-size defects, i.e., simple point defects and point defect clusters. Additionally
to the simple defects mentioned above, more complex elongated defects such as ion tracks
are formed due to high electronic energy lossεe in the above-threshold electronic regime (i.e.,
for SHI’s with εe ≥ ε thre ) and within a limited range of irradiation temperatures [9–11, 13].
The main points being discussed in literature are the correlation between the number of ion
tracks and the ion fluence in virgin and predamaged InP [9, 10, 52], the origin of the discon-
tinuous tracks [9, 10, 52], the wide distribution of track diameters [9], the influence of the
irradiation temperature [10, 11], and the internal structure of ion tracks in InP [9–11, 52].
However, it is worth mentioning that explanations, proposed by different authors on some of
the points listed above, are sometimes mutually contradictory. Further, as it was shown by
us previously, the efficiency of the damage formation and accumulation in InP cannot be ex-
plained solely by the ion energy loss, but the radial distribu ion of the energy deposition has
to be taken into account [18, 20]. This conclusion prejudices the amenity of asingle value
of theε thre as afundamental quantitythat is commonly used for the description of the track
formation in solids irradiated withdifferent ion speciesand atdifferent temperatures[20].
The current work is devoted to many-sided effects of damage formation and annealing
in virgin and conventionally predamaged Ge, GaAs and InP irrad ated with SHI’s at different
experimental conditions. The main purpose is to analyse theobtained experimental data and
try to offer a self-consistent way to explain the influence ofvarious irradiation conditions on
the formation and annealing of defects.




Let us consider a non-relativistic atomic or ionic projectile with energyE moving in a solid
target. Such a movement results in a mutual interaction between the projectile and the tar-
get atoms. Basically, there are three main interaction mechanisms: nuclearandelectronic
scattering(called alsoelasticandinelastic scattering, respectively), andnuclear reactions.
The first mechanism is realised if both of the colliding partne s (the projectile and a target
atom) preserve their internal states, but can change their velocities and directions of move-
ment according to the conservation laws for the total momentum and energy. Contrary, the
second mechanism implies that the electronic states are changed as a result of the collision,
which violates the conservation of the total momentum. The third mechanism becomes effi-
cient only for fast light ions penetrating targets composedof light atoms, nevertheless, even
in such cases the corresponding cross-sections are very small as compared to those for the
electronic and nuclear scattering. Thus, in the following we will not give attention to the nu-
clear reactions as one of the interaction mechanisms. The other two interaction mechanisms
are significant in the cases studied here, and with respect tothe participating particles, the
projectile-target interaction can be divided into three main types:
1. Internuclear repulsion (elastic ion scattering),
2. Attraction or capture of target electrons by the projectil nucleus,
3. Attraction or capture of projectile electrons by target nuclei.
The second and the third types (inelastic ion scattering) cause an excitation or ionisation
of target atoms and projectiles, respectively. Further, they jointly determine the dynamics
of the momentary ion charge (ionisation degree)q. The ion slowing down is determined
by a combined action of all basic interaction types mentioned above. Using a fairly good
approximation of no correlation between the electronic andnuclear processes (i.e., elastic
6
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and inelastic scattering occurs independently [53]), we obtain
Stotal(E) = Sn(E)+Se(E), (2.1)
whereSn, Se, andStotal are the nuclear, the electronic, and the total stopping cross-sections,















whereNa is the atomic density of the target.
2.2 Nuclear energy loss
In the case of Coulomb interaction (i.e., for bare ions) the differential cross-sectiondσn(T)
for transferring some amount of energyT from an ion with energyE, atomic numberZ1 and
massM1 to an atomic nucleus of the target with atomic numberZ2 and massM2 during a
nuclear collision is given by [53]
dσn(T) =
{
BnT−2dT, for T ≤ Tmax
0, for T > Tmax
, (2.3)













wherebn is the collision diameter (the minimum distance of approachfor a head-on colli-
sion).












wheree0 is the electron charge,ε0 is the vacuum permittivity, andEcm is the energy of the

















For ion-atomic collision events with a non-zero impact parameters the transferred en-














Obviously, the transferred energy rapidly decreases with increasing the impact parameter.
2.3 Electronic energy loss
The collision of a bare projectile with a free electron at rescan be described similarly to the
nuclear interactions by using the formulae given in Sect.2.2:
dσe =
{
BeT−2dT, for T ≤ Te,max
0, for T > Te,max
. (2.11)
















For indirect collisions with a non-zero impact parameters the energyTe transferred from
























2.4 Nuclear versus electronic stopping




























Therefore, the maximum energy that can be transferred in a sigle head-on nuclear collision
is much higher than that for a single electronic collision. For example, in the extreme case
whereM1 = M2, the whole amount of the ion energyE can be transferred to an atomic
nucleus of the target. Contrary, only a very small amount of the ion energy can be acquired
by an individual electron due to the large difference in their masses (me << M1). However,
the nuclear energy transfer decreases more rapidly with increasing impact parameters than
the electronic energy loss does [53]. Furthermore, becauseBe >> Bn, the cross-section for
the electronic energy loss is much larger than that for the nuclear energy loss. To sum up,
with increasing ion energy, the probability of nuclear collisions with large scattering angles
(whereT is close toTmax) diminishes drastically and the ion slowing down is mainly due to
the electronic stopping processes.
Chapter 3
Experiments
We have used nominally undoped<100>±0.5° single-crystalline Ge, GaAs, and InP wafers
that were cut into pieces (typically, from 5x5 mm2 to 8x8 mm2 large samples). The samples
were irradiated either at room temperature (RT, about 300 K)or at liquid nitrogen temper-
ature (LNT, about 80 K) with various swift heavy ion (SHI) beams at the Ionenstrahllabor1
(ISL) of the Hahn-Meitner-Institut2 Berlin (HMI). Further, in order to study the effect of the
high electronic energy deposition on already existing defects introduced by conventional ion
implantation, we first predamaged the Ge, GaAs, and InP samples (see Sect.3.1 for details)
and afterwards irradiated them with various SHI’s as described within Sect.3.2.
Some selected structural and thermal properties of the investigated materials are pre-
sented in Table3.1.
Property / Material Ge GaAs InP
Structure Diamond Zinc Blende Zinc Blende
Space group Fd3m F4̄3m F̄43m
Lattice Parametera0 0.566 nm 0.565 nm 0.586 nm
Mass density (solid)ρs 5.32 g/cm3 5.32 g/cm3 4.79 g/cm3
Mass density (liquid)ρl 5.51 g/cm3 5.71 g/cm3 5.10 g/cm3
Atomic concentrationNa 4.42x1022 cm−3 4.42x1022 cm−3 3.96x1022 cm−3
Nature of energy gap indirect direct direct
Energy gapEg 0.66 eV 1.42 eV 1.34 eV
Thermal conductivity 59 W/(m·K) 58 W/(m·K) 72 W/(m·K)
Specific heat 0.31 J/(g·K) 0.33 J/(g·K) 0.31 J/(g·K)
Melting pointTm 1210 K 1513 K 1335 K
Latent heat of fusionHm 36.9 kJ/mol 96.7 kJ/mol 62.7 kJ/mol
Tab. 3.1: Selected properties of materials investigated.Basic and thermal properties of Ge, GaAs, and InP





3.1 Predamaging of samples
The Ge, GaAs, and InP samples were predamaged at the 400 kV implanter3 “ROMEO” of
the Institut f̈ur Festk̈orperphysik4 (IFK) of the Friedrich-Schiller-Universität5 (FSU) with
300 keV N, 600 keV Ge or 600 keV Se ions at LNT. During the implantation, the samples
were tilted by 7 degrees from normal incidence to minimise channelling. To achieve different
damage levels between crystalline virgin and amorphised material, different ion fluences
were used (see Table3.2).
Material Ion E NI TI RD Rp
(cm−2) (nm) (nm)
Ge
N 300 keV 8x1013 LNT 390 460
Ge 600 keV 1x1013 LNT 140 278
GaAs
Se 600 keV 1x1013-1x1014 LNT 135 230
Ge 600 keV 1x1013-2.5x1013 LNT 150 250
InP Ge 600 keV 4x1012-2.5x1013 LNT 160 275
Tab. 3.2: Predamaging of Ge, GaAs, and InP samples.Ion energyE, range of ion fluencesNI , irradiation
temperatureTI , depth of the maximum nuclear energy depositionRD, and projected ion rangeRp. The values
of RD andRp were calculated with theSRIM-2003code [58].
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Fig. 3.1: Predamaging of samples.Num-
ber of vacanciesNv per ion and unit path
length versus depthz, as calculated with
SRIM-2003 [58]) for Ge, GaAs, and InP
predamaged by means of conventional ion
implantation (see Table3.2).
Figure 3.1 shows calculated depth distributions of the radiation damage (obtained by
using theSRIM-2003code [58]) formed in Ge, GaAs or InP for different ion species and
energies used. One can see that for all experimental conditis l sted in Table3.2 the
predamaged layers in the Ge, GaAs, and InP samples are located within the depth region






The virgin and predamaged Ge and GaAs samples were irradiated at RT or LNT with
140 MeV86Kr10+, 390 MeV129Xe21+ or 593 MeV197Au30+ ions (see Table3.3).
Material Ion E NI TI εe εn Nv
(MeV) (cm−2) (keV/nm) (keV/nm) (nm−1)
Ge
Kr 140 1x1014-2x1014 RT 14.2 0.036 0.69
Xe 390 3x1012-4x1015 RT 24.3 0.047 0.79
Au 593 5x1011-3x1014 RT 32.8 0.105 1.49
GaAs
Kr 140 4x1013-2x1014 RT 14.0 0.038 1.52
Xe 390 3x1012-3x1014 RT, LNT 24.6 0.042 1.74
Au 593 1x1013-3x1014 RT 33.3 0.091 3.37
Tab. 3.3: SHI irradiations of Ge and GaAs. Ion energyE, range of ion fluencesNI , irradiation temperature
TI , electronic (εe) and nuclear (εn) energy loss, and number of vacanciesNv per ion and unit path length.
The values ofεe, εn, andNv were calculated with theSRIM-2003code [58] using a displacement energyEd of
20 eV for Ge [59] and 9.6 eV for GaAs [60].
The virgin and predamaged InP samples were irradiated with 140 MeV 86Kr10+,
250 MeV 129Xe17+, 390 MeV 129Xe21+ or 593 MeV 197Au30+ ions at RT or LNT. Be-
sides, thin aluminium (Al) foils with different thickness (from 0.8µm to several tens ofµm)
were placed in front of some samples to obtain lower ion energies and, at the same time, to
bring the projectiles into the mean equilibrium charge state (see Table3.4).
Ion E E/M1 qinit qmean NI TI εe εn Nv
(MeV) (MeV/u) (cm−2) (keV/nm) (keV/nm) (nm−1)
Without Al foils
Kr 140 1.63 10 22.3 4x1012-2x1015 RT 12.1 0.039 1.2
Xe 250 1.94 17 31.3 1x1012-1x1014 RT 20.0 0.060 2.0
Xe 390 3.02 21 34.7 3x1011-3x1014 LNT, RT 21.5 0.042 1.4
Au 593 3.01 30 46.3 7x1010-1x1013 LNT, RT 29.1 0.078 2.5
With Al foils
Xe 82 0.64 * 22.9 2x1012-1x1014 RT 13.5 0.165 4.9
Xe 193 1.50 * 29.4 2x1012-3x1013 RT 18.6 0.080 2.4
Xe 375 2.91 * 34.4 8x1011-9x1012 RT 21.5 0.044 1.5
Au 64 0.32 * 23.0 5x1011-9x1013 RT 10.7 0.568 15.2
Au 79 0.40 * 25.0 5x1011-9x1013 RT 12.6 0.500 13.0
Au 150 0.76 * 31.3 2x1011-2x1013 RT 18.8 0.259 7.5
Au 573 2.91 * 45.9 1x1011-5x1012 RT 28.9 0.091 2.9
Tab. 3.4: SHI irradiations of InP. Ion energyE, specific ion energyE/M1 (M1 is the ion mass), initial ion
chargeqinit , equilibrium ion charge in the target bulkqmean, range of ion fluencesNI , irradiation temperature
TI , electronic (εe) and nuclear (εn) ion energy loss at the surface, number of vacancies per ion and unit path
lengthNv. ’*’ symbols: qinit is expected to be close toqmean. The values ofεe, εn, andNv were calculated with
theSRIM-2003code [58] using a displacement energyEd of 8.0 eV [61].
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Fig. 3.2: Energy dependence ofεn and εe. Nuclear (εn) and electronic (εe) energy loss of Kr, Xe, and Au in
InP versus (a) ion energyE or (b) specific ion energyE/M1 (SRIM-2003[58] calculations). The performed
irradiations are illustrated by the data points on the respective εe(E) curves, and the yellow area covers the
whole interval of the ion energies used (see Table3.4).
Ion beam scanning was used in order to perform a uniform irradiation of all materials
investigated. Further, to prevent heating of the samples during the SHI irradiations, the
ion flux was kept low (typically, not higher than 5x1010 cm−2s−1), and the samples were
mounted to the sample holder with silver paste giving a good thermal contact between them.
It should be mentioned that for all SHI irradiation performed the electronic energy loss
εe increases and the nuclear oneεn decreases with increasing energyE (or, equivalently,
specific energyE/M1 or velocity v) of the ions. This is illustrated in Fig.3.2, where the
energy dependences ofεn andεe in InP are shown for all ion species used (Kr, Xe, and Au).
Consequently, no Bragg peaks are expected in the respective depth distributions ofεe, i.e., the
value ofεe continuously decreases starting from the very surface (provided that the initial ion
charge equals the equilibrium one in the target bulk). This is well demonstrated in Fig.3.3
showing the depth dependences of the electronic (εe) and nuclear (εn) energy deposition in
InP for selected SHI species. One can see in Fig.3.3 that for all ion species represented

























Fig. 3.3: SHI’s energy loss.Depth de-
pendence of the electronic and nuclear
energy deposition [20] for selected ion
species (SRIM-2003[58] calculations).
Please, note the breaks in both axes.
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the depth distributions of bothεe andεn are almost uniform, andεe >> εn within the first
0.5µm depth. This holds also for other ion species listed in Table3.4. Further, Figs.3.2and
3.3, as well as Table3.4prove that irradiations with SHI beams decelerated by thin Al foils
(excluding 193 MeV Xe, 375 MeV Xe, and 573 MeV Au) are characterised by noticeably
higher nuclear stopping, than those in the first part of Table3.4(140 MeV Kr, 250 MeV Xe,
390 MeV Xe, and 593 MeV Au). Consequently, in the former case one can expect a larger
influence of the nuclear energy deposition on the radiation damage formation.
3.3 Investigation methods
3.3.1 Rutherford backscattering spectrometry (RBS)
The irradiated samples were analysed by means of Rutherford backscattering spectrometry
(RBS) in combination with the channelling technique using 1.4MeV He ions at a laboratory
scattering angle of 168°. This was done using the 3 MV Tandetron accelerator6 “JULIA”
of the Institut f̈ur Festk̈orperphysik of the Friedrich-Schiller-Universität (Jena, Germany).
Under these conditions the depth which can be analysed in a quantitative manner in InP is
approximately 0.6µm. As a measure for the damage concentration within the irradiate lay-
ers the difference in minimum yield∆ χmin was taken. It is determined from the channelling











aligned (z) are the RBS yields of the aligned spectra (nonirradiated
virgin and irradiated samples, respectively);Yrandom(z) is the yield measured in random di-
rection. Assuming a random distribution of displaced lattice atoms within the lattice cell,
the depth distributions of the relative concentration of displaced lattice atoms,nda(z), were
calculated from the measured∆ χmin(z) values. These calculations were performed using the
DICADA code [62] that is based on the discontinuous model of dechannelling.I the fol-
lowing the relative concentration of displaced lattice atoms,nda, is referred to as “damage
concentration” for short.nda = 0 andnda = 1 correspond to undamaged virgin and to very
heavily damaged (amorphised) material, respectively.
6http://www.physik.uni-jena.de/ ˜ exphys/ionen/equipment/isl/equipment_isl_e.html
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3.3.2 Transmission electron microscopy (TEM)
Some samples selected on the basis of the RBS results were additionally studied using
transmission electron microscopy (TEM) in cross-section (X) and plan-view (PV) geome-
try. The thinned (transparent for electrons) samples for PV-TEM were prepared by means
of chemical etching performed either before SHI irradiations r after them. All the X-TEM
samples were thinned down after SHI irradiations, using a mechanical polishing followed
by a final ion beam milling. The TEM investigations were performed using either a Hi-
tachi H-800 instrument7 or a JEOL JEM-3010 instrument8 operating at 200 kV or 300 kV,
respectively.
3.3.3 Secondary ion mass spectrometry (SIMS)
As it was discussed in Chapter1 (see p.5), experiments on intermixing of layered structures
are potentially capable to provide an important information on the local melting of the target
matter inside SHI tracks. Therefore, we prepared several sets of bulk GaAs and InP samples
and covered them with a relatively thin (tens of nm) surface metallic layer of Bi by means
of a thermal (vapour) deposition. Because the respective threshold is determined by the less
sensitive material [45], it is reasonable to select a material with a low radiation-resistance.9
Afterwards, these samples were irradiated with 593 MeV Au ions at RT. Finally, the ref-
erence and the irradiated samples were investigated by means of SIMS. This was performed
by using a Cameca IMS-4f facility.10 The analysis has been carried out by a 12.3 keV O+2
primary beam. The duration of the analysis amounted to 7 minutes in all cases.
7 Research & Design Company “Belmicrosystems” (http://www.bms.by/research/bma_e.htm )
8Institut für Materialwissenschaft und Werkstofftechnologie of the Friedrich-Schiller-Universiẗat Jena
(http://www2.uni-jena.de/matwi/wiss_forsch/start.htm l.en )
9According to Dufouret al. [37] and Wanget al. [39, 63], such metals as Ti, Fe, Co, Ni, Zr, and Bi are
the most sensible ones with regard to SHI irradiation. Therefore, they are the best candidates. Taking further
into account the respective melting points (Ti: 1933 K, Fe: 1808 K, Co: 1768 K, Ni: 1726 K, Zr: 2125 K, and




swift heavy ion irradiations
As it will be shown below, different semiconductors demonstrate different radiation resis-
tance to high electronic energy deposition during SHI irradiation. It turns out, for instance,
that virgin Ge and GaAs are much more radiation-resistant toSHI irradiation than virgin InP.
Therefore, it is expedient to consider Ge and GaAs separately from InP.
4.1 Damage formation in virgin Ge and GaAs
As an example, Fig.4.1shows the evolution of the radiation damage in Ge bombarded with
390 MeV Xe at RT. Part (a) of the figure represents RBS spectra, and p rt (b) illustrates the
corresponding depth distributions of the damage concentrations calculated using theDICADA
code (see Sect.3.3.1).
Fig. 4.1(b) shows that for the highest fluence of 390 MeV Xe applied (4x1015 cm−2)
the damage concentration is lower than 0.03, i.e., less than3% of the target atoms are
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Fig. 4.1: Irradiation of virgin Ge with 390 MeV Xe at RT. (a) RBS spectra of virgin Ge(100) irradiated with
different fluences of 390 MeV Xe at RT, and (b) the corresponding epth distribution of the radiation damage
concentrationnda.
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Fig. 4.2: RT-irradiation of Ge and GaAs. Fluence dependence of the damage concentration (nda) formed at
RT in Ge and GaAs by various ion beams. The dashed lines connecti g the data points are drawn merely to
guide the eye.
displaced from their regular lattice positions. Let us now try to determine to which ex-
tent the observed low efficiency of the damage formation and accumulation in Ge can be
ascribed to the (relatively high) electronic or to the (relatively low) nuclear energy loss
(see Table3.3). Usually the number of displacements per lattice atomndpa is taken to quan-
tify the nuclear energy deposition withndpa = NvNI/Na, whereNv and NI are the calcu-
lated number of vacancies per ion and unit path length and theion fluence, respectively
(see Table3.3), andNa = 4.42x1022 cm−3 is the atomic density of Ge (see Table3.1). There-
fore, for NI = 4x1015 cm−2, ndpa = 0.71 dpa. The large difference between the calculated
value of 71% and the measured one of≈ 3% indicates that the radiation damage formed
in single atomic cascades is not stable. This instability can be explained, e.g., byefficient
diffusionandannihilationof point defects in Ge (provided that they are mobile at RT), or by
thedamage annealingdue to the high electronic energy depositionεe.
Fig. 4.2summarises the measured damage concentrationnda (taken at depth of 200 nm)
as a function of the ion fluence. For the sake of comparison, the corresponding data for GaAs
are presented along with that for Ge. The figure allows one to conclude that GaAs is slightly
more radiation-resistant to SHI irradiation at RT than Ge. Further, it gives an indication that
the damage concentration in GaAs saturates at a relatively low level (≈ 1.3%).1 The obtained
results thus demonstrate that both damage formation and damage annealing processes occur
simulaneouslyin Ge and GaAs irradiated by swift heavy ions.
1The observed saturation correlates qualitatively with that observed by Huberet al. [64] in crystalline Ge
irradiated with various swift ions.
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4.2 Damage annealing in predamaged Ge and GaAs
This section deals with effects of SHI irradiation on Ge and GaAs predamaged by conven-
tional implantation of ions having energies of several hundreds keV (see Sect.3.1).
Figure4.3 demonstrates the effect of SHI irradiation on the predamaged G . One can
see that RT-irradiation of the predamaged Ge with 140 MeV Kr causes very noticeable dam-
age annealing. So, the initial damage concentration in the maxi um of the depth distri-
bution (ninit .maxda ) amounts to ca. 0.77 in the as-implanted material [see Fig.4.3(b)]. This
value is reduced to about 0.22 for the highest fluence of 140 MeV Kr used. This signif-
icant annealing of the predamaged Ge by different SHI is verysimilar to that previously
observed in predamaged GaAs due to 390 MeV Xe irradiation [15]. It is worth mentioning
that molecular-dynamics computer simulations of atomic cascades in similar material (Si)
showed no effect of annealing in the Si atomic cascades; instead the preexisting damage, if
it has any effect at all, enhances damage production [65]. Thus, the efficient annealing has
to be attributed to thehigh electronic energy deposition.
A similar effect of the damage annealing in predamaged GaAs due to SHI irradiation at
RT is illustrated by Fig.4.4. Parts(a), (b), and(c) of the figure comprise the experimental
data for 140 MeV Kr, 390 MeV Xe, and 593 MeV Au, respectively. Fig. 4.4 shows that
for the largest ion fluences used, the damage concentration is decreased from 83-92% to
11-16%. The corresponding results for different predamagelev ls show that the efficiency
of the observed annealing in GaAs depends on the initial concentration of damageninit .maxda .
The smaller the initial damage concentrationninit .maxda is, the higher is the relative annealed







da are the concentrations of the displaced lattice atoms in themaxi-
mum of the distributions for the pre-damaged and SHI post-irrad ated samples, respectively.
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Fig. 4.3: Irradiation of predamaged Ge with 140 MeV Kr at RT. (a) RBS spectra and (b) the corresponding
damage concentrationvs. depth for Ge predamaged with 600 keV Ge (1x1013 cm−2 at LNT) and afterwards
irradiated with different fluences of 140 MeV Kr at RT. The description of lines is valid for both parts of the
figure.
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Fig. 4.4: SHI irradiation of predamaged GaAs. Damage concentration vs. depth for GaAs predamaged at
LNT with 600 keV Ge (a) 2x1013 cm−2, (b) 2.5x1013 cm−2, (c) 2x1013 cm−2, and afterwards irradiated with
different fluences of 140 MeV Kr, 390 MeV Xe, or 593 MeV Au at RT.The open symbols in all parts of the
figure stand for the depth distributions of the relative concentration of the predamage.
As an example, Fig.4.5 shows the relative annealed fraction as a function ofinit .maxda in
predamaged GaAs samples post-irradiated with 390 MeV Xe at RT. Forninit .maxda ≤ 0.75, the
annealed fraction is between 80% and 90% at the highest Xe fluence.2 This corresponds to a
remaining damage ofnda ≈ 0.05. However, ifninit .maxda > 0.75, then a considerable decrease
of the RAF with increasingninit .maxda is observed, and in the case of thick heavily damaged
layers only between 6% and 18% of the initial damage are annealed. Finally, for very high
predamage levels (nda = 1 for a broad interval of depths) and, consequently, for verythick
amorphous layers (most probably, with no crystalline inclusions inside) there is hardly any
annealing or no annealing at all. This is further illustrated in Fig.4.6, where three obviously
different cases are shown. Despiteninit .maxda = 1 is valid for all three initial distributions, only
the last one [Fig.4.6(c)] is for completely amorphous layers (z≤ 240 nm). The transition
region (240 nm< z< 380 nm) contains damaged but not amorphised material; therefor , the
SHI post-irradiation results in the annealing and, consequently, causes a slight shift of the
amorphous-crystalline interface [Fig.4.6(c)]. The two other cases [Figs.4 6(a)and(b)] rep-
resent the effect of annealing in heavily damaged (and partially amorphised) material. One
can see that the highest Xe ion fluence used leads to a noticeable annealing of predamaged
GaAs from the initial value ofnda = 1 in the maximum of the depth distribution down to
approx. 0.45 or 0.82 [see parts(a) and(b), respectively]. The initial fraction of the amor-
phous material is thus obviously lower in the case illustrated in Fig.4.6(a)than in the case
of Fig. 4.6(b).
The observed dependence of the RAF onninit .maxda (see Fig.4.5) indicates that the anneal-
2The results of our additional investigations, performed with the same experimental conditions but predam-
aging with 600 keV Se ions instead of 600 keV Ge are shown in Fig. 4.5 as open symbols. As one can see,
they agree well with the results obtained for the predamaging with 600 keV Ge. This means that the annealing
depends on the defect concentration but not on the ion species used for predamaging.
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Fig. 4.5: Damage annealing in GaAs.Relative annealed fraction (RAF) of defect concentration in predam-
aged GaAs as a function ofninit .maxda for various fluences of 390 MeV Xe [15]. The predamaging was performed
either with 600 keV Se or 600 keV Ge ions (open and closed symbols, respectively). The lines connecting the
data points are to guide the eye.
ing efficiency is much higher for low pre-damage levels than for those which are close to
complete amorphisation. Further, the rate of defect formation due to the Xe ions themselves
can increase at high pre-damage levels, which leads to a reduction in the RAF. Consequently,
the defect concentrations measured after the Xe irradiation re the result of a complex inter-
play between generation and annealing of defects. With increasing Xe ion fluence the RAF
increases for all pre-damage levels. This suggests thatdefect annealing in GaAs dominates
defect generation.
TEM investigations provide additional important data on the defect structure within as-
implanted and post-irradiated layers. Fig.4.7shows XTEM images of a Se-implanted GaAs
sample with a pre-damage concentration ofninit .maxda = 0.97 before and after 390 MeV Xe
irradiation [parts(a) and (b) of the figure, respectively]. The figure illustrates that in the



























Fig. 4.6: Irradiation of differently predamaged GaAs. Damage annealing efficiency in GaAs for different
predamage conditions. GaAs was predamaged with (a) 600 keV Ge (2x1013 cm−2), (b) 600 keV Ge (2.5x1013
cm−2), or (c) 600 keV Se (1x1014 cm−2), and afterwards irradiated with 390 MeV Xe at RT. The description
of the curves given in part (c) is valid for other parts as well.
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Fig. 4.7: Irradiation of predamaged GaAs with 390 MeV Xe at RT.Bright-field XTEM images of a GaAs
sample first implanted with 2x1013 cm−2 Se at LNT and then irradiated with 1x1013 cm−2 Xe at RT [15]:
(a) as-implanted, (b) after the Xe post-irradiation.
as-implanted GaAs sample the depth interval from≈ 50 nm to≈ 220 nm mainly consists of
amorphous material (dominating grey homogeneous “background” without contrast as well
as diffuse rings from the amorphous phase in the corresponding diffraction pattern) with
some crystalline inclusions (dark contrast spots correspond t crystalline material but mis-
aligned with the original crystalline matrix). The Xe irradi tion [see Fig.4.7(b)] decreases
the amount of damage considerably; particularly, the diffraction pattern shows no indica-
tion of amorphous GaAs, which means that the amorphous material is almost recrystallised.
A more detailed analysis (see Fig.4.8) showed further that the recrystallisation is imperfect
and results in formation of micro-twins of different size and shape as well as dense twin
lamellae and stacking faults at different depths.
Thus, the fact that at high predamage levels the annealing efficiency of SHI notice-
ably decreases can be better understood by the XTEM results mentioned above. Obviously,
the SHI post-irradiation causes a growth of the existing crystalline inclusions that are em-
bedded in amorphous surrounding and aligned with the original crystalline matrix. For low
predamage levels there are hardly any large misaligned areas in the crystal (rather single
point defects and point defect clusters), therefore, one observes an almost perfect lattice
structure after SHI post-irradiation with a sufficient fluenc . For higher predamage levels
Fig. 4.8: Imperfect recrystallisation of
GaAs. High-magnification XTEM image
of the GaAs sample first implanted with
2x1013 cm−2 Se at LNT and then irra-
diated with 1x1013 cm−2 Xe at RT. One
can see micro-twins of different size and
shape as well as dense twin lamellae and
stacking faults in the figure.
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Predamaged GaAs  390 MeV Xe at LNT       (a)
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NI (10
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Predamaged GaAs  390 MeV Xe at RT         (b)
Fig. 4.9: Efficiency of damage annealing in GaAs by 390 MeV Xe atLNT and RT. Fluence dependence of
nmaxda for GaAs predamaged with Ge (see Table3.2) and post-irradiated with 390 MeV Xe. Parts (a) and (b) of
the figure represent the data for LNT- and RT-irradiation with Xe, respectively. The dashed lines connecting
the data points are drawn merely to guide the eye.
both the fraction of amorphous material and the ratio of misaligned/aligned crystalline inclu-
sions increase, and this results in a less perfect lattice structure than that for low predamage
levels (see Fig.4.8).
Further, in order to check how the irradiation temperature influences the efficiency of
the damage annealing by SHI’s, we prepared two sets of predamaged GaAs samples with
two different predamage levelsninit .maxda of 52% and 74%. Those two sets of samples were
irradiated with 390 MeV Xe at LNT or RT. The results obtained are presented in Fig.4.9.
One can see in the figure, that the existing damage is efficiently a nealed by the Xe irradi-
ation both at LNT and RT. Thus, the observed effect is qualitatively similar in both cases.
However, the initial stage of the annealing differs noticeably for LNT- and RT-irradiation.
That is, for low Xe fluences the dashed lines connecting the corresponding data points for
RT-irradiation demonstrate steeper slopes than that for LNT-irradiation [compare parts(a)
and(b) of Fig. 4.9]. For example, in the case of GaAs with initial damage concentration
ninit .maxda = 0.74, the irradiation with 5x10
12 cm−2 of 390 MeV Xe decreases the concentra-
tion of damage down to 0.42 and 0.25 at LNT and RT, respectively (s e Fig.4.9). Therefore,
predamaged GaAs is annealed by SHI’s more efficiently at RT than at LNT.
It is useful to compare the annealing efficiency for different SHI irradiation conditions.
For this purpose we have selected the experimental data on the radiation damage anneal-
ing by 140 MeV Kr, 390 MeV Xe and 593 MeV Au in predamaged GaAs samples having
similar values of the initial damage concentration of about50-60%. Fig.4.10 depicts the
relative defect concentrationmaxda either versus the ion fluenceNI or versus the deposited
electronic energy densityεe ·NI [see parts(a) and(b), respectively]. Obviously, the anneal-
ing efficiency increases in the sequence Kr – Xe – Au, i.e., it is higher for ion beams having
higher electronic energy lossεe [see Fig.4.10(a)and Table3.3]. Further, the relative differ-
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Fig. 4.10: Efficiency of damage annealing by different SHI’s. Dependence ofnmaxda on (a) ion fluenceNI ,
and (b) deposited energy density(εe ·NI ) for GaAs predamaged with Ge (see Table3.2) and post-irradiated
with 140 MeV Kr, 390 MeV Xe, or 593 MeV Au at RT. The dashed linesconnecting the data points are drawn
merely to guide the eye.
ence between the values ofεe for Xe and Au (24.6 keV/nm and 33.3 keV/nm, respectively)
is smaller than that between the values ofεe or Kr (14.0 keV/nm) and Xe, and for Kr and
Au. This is in agreement with the fact that the respectivenmaxda (NI ) data points for 140 MeV
Kr are definitely not on the same line with those for Xe and Au even taking into account
the experimental uncertaincy [see Fig.4.10(a)]. To check whether the experimental data for
these three different ion species can be described by theto al density of the deposited elec-
tronic energy3, we multiplied the values ofNI by the respective values ofεe characteristic
to each certain ion species (see Table3.3), i.e, we plotted the same data as a function of
(εe ·NI ). After this step all the data points within 0.2 < nmaxda < 0.6 range can be well fitted
by a single exponential curve [see Fig.4.10(b)]. That means that SHI-induced annealing in
predamaged GaAs iswidely determinedby theintegral electronic energy densityintroduced
into the material by SHI’s.4
3This quantity is secondary and complementary to the electroni energy lossεe of a single ion in certain
target.
4A similar observation was reported by Weschet al. for GaAs implanted at RT with various ion species
within 0.2 MeV – 10 MeV energy range [5].
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4.3 Damage formation in virgin InP
As it will be shown below, virgin single-crystalline InP appears to be much less radiation-
resistant to SHI irradiation than virgin Ge and GaAs (see Sect. 4.1). Therefore, InP is con-
sidered in this section separately from the other two materils.
4.3.1 Depth distribution of radiation damage
As an example, Fig.4.11 illustrates the radiation damage build-up in InP bombardedwith
390 MeV Xe at RT. Part(a) of the figure represents RBS spectra, and part(b) shows the
corresponding depth distributions of the relative damage concentrationnda.
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Fig. 4.11: Irradiation of virgin InP with 390 MeV Xe at RT. (a) RBS spectra of virgin InP irradiated with
different fluences of 390 MeV Xe at RT, and (b) the corresponding epth distribution of the radiation damage
concentrationnda [18].
One can see in Fig.4.11(a)that the ongoing Xe irradiation at RT leads to defect formation
and accumulation in InP. Finally, at sufficiently high ion fluences the material is rendered
heavily damaged (amorphised). Further, as it can be seen from Fig.4.11(b), in depths behind
an only slightly damaged surface layer (ca. 40 nm thick) the damage concentration remains
almost constant, which is in accordance with the depth distribution of the electronic energy
deposition (see Fig.3.3).
4.3.2 Charge state effect on near-surface damage formation
As it was shown in Sect.4.3.1, irradiation of single-crystalline InP with large fluencesof
SHI’s can cause formation of amorphous layers within the depth range of dominating elec-
tronic energy loss. However, contrary to the bulk, a thin surface layer (tens of nanometres)
remains almost undamaged as proven by three independent experimental methods (TEM,
XRD and RBS) [9, 10, 16, 18, 19, 66, 67]. This is well illustrated in Fig.4.12 showing
a XTEM image of InP irradiated with 250 MeV Xe at RT. One can seean approximately
30-35 nm thick crystalline surface layer (CSL) containing only few small clusters of defects,
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Fig. 4.12: Thin crystalline surface layer. Bright-field
XTEM image of InP irradiated at RT with 250 MeV Xe
(7x1012 cm−2) [9].
but not heavy damage/tracks that are observed deeper. Two plausible suppositions can be
made in order to explain the existence of the thin CSL: (a) either e surface acts as an effi-
cient sink for defects produced by SHI irradiation near the surface (i.e., they move towards
the surface and annihilate there), or (b) the SHI energy lossin the first tens of nm is lower
than that in the bulk.
Fig. 4.13 shows∆ χmin(z) dependences
for 250- or 390-MeV Xe, and 593-MeV Au
irradiation of InP. With increasing SHI flu-
ence,∆ χmin(z) increases up to its maximum
value, which is commonly taken as an in-
dication for amorphisation. However, in all
cases a thin surface layer appears to be only
slightly damaged for low and medium SHI
fluences.
Further, there is an indication that the
damage accumulation within a ca. 20 nm
thick surface layer proceeds differently for
250 MeV Xe and 390 MeV Xe, on the one
hand, and for 593 MeV Au, on the other
hand. For example, in the case of 390 MeV
Xe [see Fig.4.13(b)] there is no notice-
able increase in damage concentration within
0≤ z≤ 20 nm interval for two different ion
fluences of 3x1013 and 9x1013 cm−2, though
at the same time∆ χmin(z) increases with flu-
ence in the bulk. Only forNI > 9x1013 cm−2
(where the bulk is very heavily damaged or
even amorphised already)∆ χmin(z) increases
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Fig. 4.13: Depth distribution of ∆ χmin. Difference
in minimum yield vs. depth for different fluences of
(a) 250 MeV Xe, (b) 390 MeV Xe, and (c) 593 MeV Au
irradiation at RT. The dashed auxiliary lines are used to
estimate the CSL thickness that is taken to be one-half
of the depth at which the two respective lines intersect.
also within the thin surface layer. Contrary, in the case of 593 MeV Au irradiation the relative
damage concentration increases with fluence in a similar wayfor both the thin surface layer
and the bulk [see Fig.4.13(c)]. Thus, the amorphisation of the thin surface layer in InP dur-
ing 593 MeV Au irradiation can be explained by efficient accumulation of radiation damage
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Fig. 4.14: SHI irradiation of InP with/without an
amorphous surface layer (ASL).∆ χmin vs. depth
for InP without or with 23/39 nm thick ASL, after
593 MeV Au irradiation [19].
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Fig. 4.15: SHI irradiation of InP through a thin
Al foil. ∆ χmin vs. depth for InP irradiated with
either 593 MeV Au30+ ions or the same beam but
passed through a 0.8µm thick Al foil [ 20].
within this layer. In contrast, in the case of 250 MeV and 390 MeV Xe the amorphisation
of the surface layers seems to be essentially governed by a broadening of the amorphous
layer from the bulk towards the surface, but not due to the accumulation of radiation damage
within the CSL.
In order to estimate the thickness of CSL’s for different SHI irradiations, we plotted pairs
of auxiliary lines together with the∆ χmin distributions for 250 MeV Xe, 390 MeV Xe and
593 MeV Au shown in Fig.4.13. The first line in such a pair is drawn through the data
points within the CSL and the second one is drawn through the data points for deeper layers,
i.e., for z≥ 100 nm. The position of the CSL/bulk interface was estimated as one-half of
the depth at which the two respective auxiliary lines intersect5. The estimated thickness of
the CSL for 250/390 MeV Xe irradiation amounts to (35±2) nm and (37±2) nm, respectively
[see Figs.4.13(a)and(b)]. The obtained values for 250 MeV and 390 MeV Xe irradiations
are very close to each other; further, the thickness of (35±2) nm for 250 MeV Xe agrees
well with that observed by XTEM (see Fig.4 12). For 593 MeV Au irradiation the thickness
of the surface layer that remains partly crystalline is about (31±2) nm [see Fig.4.13(c)].
Further, to check to which extent the surface of InP can act asa sink for defects pro-
duced within the surface layers, we performed 593 MeV Au irrad ation of InP with 23 nm or
39 nm thick amorphous surface layer (ASL). Thus, the ASL is respectively thinner or thicker
than the corresponding CSL mentioned above [i.e., (31±2) nm]. The resulting∆ χmin(z) de-
pendences are shown in Fig.4.14. One can see that for the sample with 39 nm thick ASL,
∆ χmin(z) is almost constant forz> 39 nm, which proves that the ASL/bulk interface does not
act as an efficient sink for defects. Contrary, in the case of the 23 nm thick ASL,∆ χmin in-
5Only one pair of such auxiliary lines is depicted in each casein order to avoid overcrowding. However,
it is worth mentioning that for each case the average value ofthe interface position was determined from three
different ∆ χmin(z) distributions for medium fluences (where the bulk is not yet amorphised); the data for the
highest fluences used were omitted in order to exclude a possible effect of the broadening of the amorphous
layer from the bulk.
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creases with depth forz≥ 23 nm in a similar manner as it does for InP without ASL (see
Fig. 4.14). This demonstrates that a thin depth layer atz≥ 23 nm is much less damaged than
the bulk. So as neither the surface nor the ASL/bulk interfaccan account for the existence
of the slightly damaged layer atz≥ 23 nm for the sample with 23 nm thick ASL, it should
be ascribed to a non-uniform depth distribution of defects being formed by SHI’s. More
specifically, the last indicates thatεe must increase with depth within the range of interest
(i.e., for approximately 0≤ z≤ 50 nm) in a similar manner as∆ χmin(z) does. The results
obtained for other ion fluences (not shown) enabled the same conclusions.
Because the electronic energy loss of the ions depends on their momentary charge state
q, the reduced defect concentration close to the surface can result from processes of single
or multiple electron loss for SHI’s travelling in the surface layers of solids [68]. To verify
whether a difference betweenqinit andqmeancan be of importance for the CSL’s observed
experimentally, we performed irradiation of single-crystalline InP with 593 MeV Au30+ ions
passed through a thin (0.8µm) Al foil. In this way the ion beam energy is lowered by 20 MeV
and, simultaneously, the charge of the ions is increased up to its equilibrium value, specific
for the Al bulk (see Table3.4). So as the projectile charge is only very weakly dependent on
the properties of the solid target [69], the charge of 573 MeV Au ions just before entering
InP is expected to be very close to the equilibrium one in bulkInP. Figure4.15shows depth
distributions of damage formed by a direct 593 MeV Au30+ irradiation, on the one hand,
and by an irradiation after the beam passed through the 0.8µm thick Al foil, on the other
hand. We can see in the figure that the∆ χmin(z) profiles for (573 MeV Au) irradiations
through the foil do not show the decrease in∆ χmin close to the surface, occurring for the
direct irradiations (see also Fig.4 13). (The small peaks atz= 0 are merely surface peaks
that are unavoidable in aligned RBS spectra.) This experimental result clearly shows that
the noticeably lower efficiency of damage formation at the surface is explained solely by the
initial ion charge being lower than the equilibrium one in the bulk (see [19] for details).
In fact, the values of CSL’s thickness obtained for all SHI irradiations withqinit < qmean,
that is for 250/390 MeV Xe and 593 MeV Au (see Table3.4), are in qualitative agree-
ment with the data on the target thickness necessary to attain an equilibrium charge dis-
tribution in a beam of fast ions with different initial charge states, i.e., about 20-50 nm
[70, 71]. For example, this value amounts to ca. 1017 at/cm2 for irradiation of gaseous Ar
with 1 MeV/nucleon I ions (see Fig. 5(d) in Ref. [70]). Taking this as an estimate for InP,
one obtains a value of about 25 nm that is close to the values ofthe CSL thickness for
593 MeV Au and 250/390 MeV Xe irradiations [(31±2) nm, (35±2) nm, and (37±2) nm,
respectively]. This supports the idea that the CSL thicknesscorresponds to the thickness of
the layer the ion has to pass through until its equilibrium charge is reached.
Figs.4.16and4.17depict the difference in minimum yield versus depth,∆ χmin(z), for
the irradiation of virgin InP with decelerated Au and Xe ionspassed through relatively thick
(tens ofµm) Al foils. In all these casesqinit ≈ qmeanand, consequently,εe(z) ≈ constwithin
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Fig. 4.16: Depth distribution of
∆ χmin in InP irradiated at RT with
(above-threshold) 150 MeV Au [19].
the depth interval of interest (0≤ z≤ 200 nm). In the case of irradiations with 150 MeV Au
[i.e., in an above-threshold regime (εe > ε thre ), see Table3.4], no CSL is observed (Fig.4.16).
This is in agreement with the almost uniformεe(z) distribution and gives us one more indi-
cation that the influence of the surface as a sink for defects is much less significant (if any).
Furthermore, this also supports our assumption that the reduced electronic energy loss in
case ofqinit < qmeanis responsible for the occurrence of the CSL’s.
Contrary, for sub-threshold and near-threshold irradiations (64 MeV Au and 82 MeV
Xe) a CSL is registered (see Fig.4.17). Its thickness amounts to (12±2) nm for 64 MeV
Au and (14±4) nm for 82 MeV Xe irradiation, i.e., it is 2-3 times smaller than that for the
irradiations with 250/390 MeV Xe or 593 MeV Au (cf. with Fig.4.13). Because we ex-
pect the ions to be in the mean equilibrium charge state, no CSL’s should exist, at least not
when assuming that the damage measured is caused solely by the electronic energy loss.
This indicates that in the case of sub-threshold irradiations the electronic energy loss alone
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Fig. 4.17:∆ χmin versus depth for (sub-threshold) 64 MeV Au and 82 MeV irradiations.Depth distribution
of ∆ χmin in InP irradiated at RT with (a) 64 MeV Au or (b) 82 MeV Xe [19]. The dashed auxiliary lines are
used to estimate the thickness of CSL’s that is taken to be one-half of the depth at which the two respective
lines intersect. The solid stepped curves represent the corr sponding normalised distributions of displacements,
N∗v (z), calculated with theSRIM-2003code (in arb. units).
EXPERIMENTAL RESULTS ON SWIFT HEAVY ION IRRADIATIONS 29
cannot be responsible for the damage formation and that the obs rved depth distribution of
defects is at least to a large part due to the nuclear energy loss. Really, the deceleration of
SHI’s by using the Al foils inevitably leads to a higher nuclear nergy lossεn (see Table3.4)
that can also contribute to the damage formation. Furthermore, the damage production due
to the nuclear energy loss can become the principal mechanism for sub-threshold and near-
threshold irradiations (ifεe ≤ ε thre , i.e., when the electronic energy loss is too low to form
heavy damage/tracks). From earlier studies on ion implantatio in InP it is known that for
Nv ≈ 10 nm−1 amorphisation is reached forndpa≈ 0.4 dpa and forNv < 3 nm−1 amorphisa-
tion seems to be hardly possible due to the nuclear energy loss [72]. Taking into account the
fluences applied (see Table3.4), a possible influence of the nuclear energy deposition is to
be expected only for 64 MeV Au and 82 MeV Xe. E.g., in the case ofthe highest fluence of
64 MeV Au (9x1013 cm−2) the material is close to amorphisation or already amorphised [ ee
Fig. 4.17(a)]. In this case we haveNv = 15.2 nm−1 (see Table3.4) and the resulting value
of ndpa amounts to approx. 0.35 dpa that is in good agreement with thevalue of 0.4 dpa
mentioned above. Therefore, in this particular case the radiation damage accumulation can
be explained by the nuclear energy deposition processes. Thi conclusion is also supported
by the depth dependence of the vacancy concentrationNv(z) calculated with theSRIM-2003
code. The corresponding normalised depth distributions,N∗v (z), for 64 MeV Au and 82 MeV
Xe irradiation are plotted as solid lines in both parts of Fig. 4.17. In both cases the corre-
spondingN∗v (z) profiles are in agreement with the measured damage distributions∆ χmin(z).
Contrary, in the case of 150 MeV Au irradiation,ndpa= 0.009 dpa is obtained for the highest
fluence used. The radiation damage that is to be expected for this value ofndpa is much lower
than the measured value of∆ χmin≥ 0.5 (see Fig.4.16), and thus for 150 MeV Au irradiation
εe, but notεn is responsible for the observed radiation damage.
To summarise, no any noticeable influence of the surface as a sink for defects was found.
Therefore, the existence of the observed CSL’s inabove-threshold regimes6 should be as-
cribed to an increasing value ofεe with depth due to the increasing charge of the projectiles
within the first tens of nm [19, 20]. Contrary, in sub-threshold regimes the less efficient
damaging near the surface is due to the nuclear energy loss [19] that forms less defects at
the surface than in the bulk (see Fig.4.17). Generally, in an above-threshold regime the
radiation damage production is determined by the electronic e ergy deposition, while in the
sub-threshold regime the observed damage accumulation is at least to a large part due to the
nuclear energy loss.
6Here “above-threshold” and “sub-threshold” is mentioned with regard to the electronic energy lossεe
being respectively higher or lower than the threshold valueε thre necessary for track formation.
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4.3.3 Role of various experimental conditions
The following section shows how the efficiency of the damage formation and accumulation
in InP is influenced by various experimental conditions (ionspecies, ion energyE, the elec-
tronic energy lossεe, and irradiation temperature). For the sake of accuracy oneneeds to
fix as many parameters of interest as possible. The best case would be to fix all but one
parameter. Unfortunately, the last is impossible in practice because they are not independent
of each other. Nevertheless, a respective analysis yields some important conclusions, as it
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Fig. 4.18: RBS yields for various experimental
conditions. RBS yields measured in InP samples for
different irradiations. The open and closed symbols
in all parts of the figure stand for the RBS yield mea-
sured in a virgin InP sample in axially aligned and
random directions, respectively.
Fig. 4.18(a)shows RBS yields for two different fluences of 193 MeV, 250 MeV and
390 MeV Xe irradiations at RT. One can see that the aligned RBS spectra for these three dif-
ferent energies are close to each other for both ion fluences of 2x1012 cm−2 and 1x1013 cm−2.
This observation conforms to close values of the electronice ergy loss per ion and unit path
lengthεe [18.6 keV/nm, 20.0 keV/nm and 21.5 keV/nm for 193 MeV, 250 MeVand 390 MeV
Xe irradiations, respectively (see Table3.4)]. However,εe is not the only quantity that gov-
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Fig. 4.19: Radiation damagevs. ion fluence. Relative concentration of displaced lattice atoms versus the
ion fluence for different ion species listed in Table3.4. Parts (a) and (b) cover all above-threshold and sub-
threshold irradiations, respectively [20]. The relative error of the ion fluence is about 10% and, consequently,
is well represented by the data point sizes. The dash-dot-dot line connecting the data points for 140 MeV Kr
in (b) is only to guide the eye. Solid and dashed lines in both parts stand for fitting curves obtained by using
Gibbons’ overlap damage model assuming zero- or first order of overlapping, respectively.
erns the formation of radiation damage in InP. This is illustrated by Fig.4.18(b), where
selected RBS spectra for 150 MeV Au and 193 MeV Xe irradiation are shown. In this case
the RT-irradiation with 193 MeV Xe forms noticeably less damage than that with 150 MeV
Au despite very close values ofεe (18.6 keV/nm and 18.8 keV/nm, respectively) andqmean
(29.4 and 31.3, respectively) presented in Table3.4. Further, in the case of irradiations at
LNT the efficiency of damaging is remarkably reduced as compared with that at RT [18], as
it is demonstrated in Fig.4.18(c)for the case of 390 MeV Xe irradiation.
Figure4.19summarises the corresponding fluence dependence7 of nda for the ion species
and experimental conditions presented in Table3.4. More detailed information about the
process of defect formation can be obtained by analysing theion fluence dependence ofnda
in the framework of the overlap damage model introduced by Gibbons [73]. In this model
it is assumed that amorphous material is produced either dirctly by a single incoming ion
or by multiple overlap of damaged but not amorphised areas. The fitting of the fluence
7In order to avoid the effect of the initial charge state discussed in Sect.4.3.2, the respective data points
are taken at depth of 200 nm of the correspondingnda(z) distributions as illustrated, e.g., by the vertical line in
Fig. 4.11(b).
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dependences within this model yields the numberm of overlaps necessary to amorphise
the material, and the areaAI damaged by a single ion (“damage cross-section”).
Obviously, for all above-threshold RT-irradiations with different ion species and beam
energies the fluence dependences ofnda can be fitted with an overlap numberm = 0 [see
Fig. 4.19(a)]. This means that each single ion creates a heavily damaged area along its tra-
jectory directly. Contrary, an assumption of one overlap is necessary to fit the experimental
curves in the case of irradiations with 82 MeV Xe at RT and all LNT-irradiations (390 MeV
Xe and 593 MeV Au), as can be seen in Fig.4.19(b). It should be mentioned, that only three
data points for LNT-irradiation of InP with 593 MeV Au are shown in Fig. 4.19(b). Un-
fortunately, no further points can be presented, because larg r fluences of Au cause sample
breaking at LNT. Nevertheless, the initial build-up of the radiation damage is well repre-
sented and is in agreement with that of 390 MeV Xe at LNT [see Fig. 4.19(b)]. 140 MeV
Kr irradiation does not lead to amorphisation, and thenda value at the maximum ion flu-
ence equals≈ 0.05, i.e., only 5% of the target atoms are displaced from their regular lattice
positions. Thus, it can be concluded that in the case of Kr irrad ation the electronic energy
deposition is almost inefficient to create stable defect complexes in InP (either because of
weak effects of the primary damage nucleation [10] or due to a very pronounced in situ dam-
age annealing [18]). This is in correlation to the fact that the value ofεe for 140 MeV Kr
irradiation of InP (12.1 keV/nm, see Table3.4) is below the threshold value for track forma-
tion of 13 keV/nm (see Chapter1). Finally, the data points for 64/79 MeV Au irradiations
cannot be fitted by single curves assuming any integer value of m. Nevertheless, in both
cases the data points fornda ≤ 0.1 andnda > 0.1 can be separately fitted by curves with
m= 0, but with different damage cross-sectionsAI (for nda ≤ 0.1: 2.9 nm2 and 2.3 nm2 for
64/79 MeV Au, respectively; and fornda > 0.1: 4.8 nm2 and 4.0 nm2 for 64/79 MeV Au, re-
spectively). The values of the damage cross-sectionsAI and number of overlapsm obtained
Ion E E/M1 TI m AI rRBS
(MeV) (MeV/u) (nm2) (nm)
Xe 193 1.50 RT 0 4.3±0.4 1.2±0.1
Xe 250 1.94 RT 0 5.3±0.5 1.3±0.1
Xe 390 3.02 RT 0 6.3±0.6 1.4±0.1
Au 150 0.76 RT 0 16.7±1.7 2.3±0.1
Au 593 3.01 RT 0 28.6±2.9 3.0±0.2
Xe 82 0.64 RT 1 8.3±0.8 1.6±0.1
Xe 390 3.02 LNT 1 2.4±0.2 0.9±0.1
Au 593 3.01 LNT 1 47.6±4.8 3.9±0.2
Kr 140 1.63 RT – — —
Au 64 0.32 RT 0 4.8±0.5 1.2±0.1
Au 79 0.40 RT 0 4.0±0.4 1.1±0.1
Tab. 4.1: RBS damage cross-sections in InP.Number of overlapsm, damage cross-sectionsAI , and resulting
radii rRBSobtained from Gibbons’ model [73] for different SHI irradiations of InP.
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Fig. 4.20: Damage concentration versus
energy density. Relative concentration of
displaced lattice atomsnda versus deposited
electronic energy density (εe ·NI ) for differ-
ent SHI irradiations of InP at RT. The top
axis gives the independent variable in rela-
tive units ofεe ·NI/Na (hereNa is the atomic
density of InP), i.e., in eV per lattice atom.
The dashed lines connecting the data points
are drawn to guide the eye.
by using Gibbons’ model for different ion species and energies are summarised in Table4.1.
However, it should be kept in mind that those calculated damage cross-sections for all SHI
species are mean values of the damage areas (produced per ion) that can be different in size
(see Chapter6).
Further, in order to obtain an additional information aboutpossible integral effects,
the values ofnda from Fig.4.19are plotted in Fig.4.20versus the energy density deposited
into electronic processes (product of the electronic energy deposition per ion and unit path
length,εe, and the ion fluenceNI ). If the relative defect concentration remaining after irradi-
ation would depend only on the electronic energy deposited in total per unit volume (or per
lattice atom), all curves in Fig.4.20should fall on the same line. But this is definitely not the
case, indicating that the effects observed are to a large extentsingle-ionones. They should
depend on the energyεe deposited per ion and unit path length. Close values ofεe were re-
alised first for 150 MeV Au and 390 MeV Xe and, second, for 79 MeVAu and 140 MeV Kr
(see Table3.4). However, the curves resulting for the similar values ofεe also do not fall on
the same line (see Fig.4 20), i.e., for a given ion fluence of Au ions a higher relative defect
concentration is obtained than for the Xe or Kr irradiation.All this allows to conclude that
neither the energy deposition per unit path length nor the energy deposition per unit volume
alone can describe the SHI effects in virgin InP [18]. Therefore, the corresponding radial
distribution of the energy deposition has to be taken into account as well, which depends
both on ion species (e.g., on the atomic numberZ1) and on ion energyE.
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4.4 Damage annealing in predamaged InP
The effect of SHI irradiation on predamaged InP was studied for 140 MeV Kr and 390 MeV
Xe irradiation. Fig.4.21shows the damage distributions in InP predamaged with 600 keV
Ge (1x1013 cm−2 at LNT) and afterwards post-irradiated with different fluenc s of 140 MeV
Kr either at RT or at LNT [parts(a) and(b), respectively]. The maximum damage concen-
tration nmaxda of about 0.8 in the as-implanted InP is reduced down to about 0.2 due to the
Kr irradiation at RT with no indication to a saturation of this effect [see Fig.4.21(a)]. This
noticeable annealing of the predamaged InP by the Kr irradiation is very similar to that pre-
viously observed in Ge and GaAs (see Sect.4.2). Contrary, the effect of annealing is very
weak in the case of LNT-irradiation. One can see in Fig.4.21(b)that only the lowest flu-
ence used causes slight annealing of the damage at the maximum of its depth distribution (at
ca. 180 nm as indicated by the vertical dashed line in the figure), whereas higher fluences
increase the damage concentration. Further, the annealingefficiency within the depth range
0 ≤ z≤ 100 nm is higher than that in the maximum, which can be probably explained by
different initial concentration of damage. However, it turns out that the annealing efficiency
within 0≤ z≤ 100 nm depth range is also higher than that within 250 nm≤ z≤ 350 nm depth
interval despite close initial conditions. So as the surface cannot act as a sink for defects (see
Sect.4.3.2), the observed difference has to be ascribed either to the effect of the initial ion
charge being lower than the equilibrium one in the bulk (see Table3.4and Sect.4.3.2) or to
the lower concentration of defects formed in a sub-threshold regime by the nuclear energy
loss near the surface as compared with that in the bulk (see Sect. 4.3.2).
Unlike the results for 140 MeV Kr irradiation at RT, the effect of annealing is very slight
in the case of 390 MeV Xe irradiation [18]. This is demonstrated in Fig.4.22that depicts
depth distributions of the damage in an InP sample pre-damaged with 600 keV Ge up to
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Fig. 4.21: Irradiation of predamaged InP with 140 MeV Kr. Evolution of the depth distribution of the
damage concentration,da(z), resulting from 140 MeV Kr irradiation of predamaged InP eith r (a) at RT
[18] or (b) at LNT. The predamaging was performed by LNT-implantation of 600 keV Ge up to a fluence of
1x1013 cm−2. The description of the predamaging conditions and the values of Kr ion fluences are valid for
both parts of the figure.
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Fig. 4.22: Irradiation of predamaged InP with 390 MeV Xe. Evolution of the depth distribution of the
damage concentration,da(z), resulting from 390 MeV Xe irradiation of predamaged InP eith r (a) at RT or (b)
at LNT. The predamaging was performed by LNT-implantation of 600 keV Ge up to a fluence of 6x1012 cm−2.
The description of the predamaging conditions [labelled “as-implanted (AI)” here] and the values of Xe ion
fluences are valid for both parts of the figure.
6x1012 cm−2 and post-irradiated with 390 MeV Xe either at RT or at LNT [seeparts(a)and
(b) of the figure, respectively]. One can see that the ongoing irradiation of the predamaged
InP with 390 MeV Kr at RT or at LNT results in a partial annealing only for low ion fluences,
whereas higher fluences increase the damage concentration.The same conclusions are drawn
for predamage levels that are lower or higher than that present d in Fig.4.22. For example,
Fig. 4.23illustrates the effect of the 390 MeV Xe irradiation at RT on InP with two different
predamage levels of about 20% and 80% [see parts( ) and(b) of the figure, respectively].
Again, only for low fluences of 390 MeV Xe a slight annealing isobserved, while higher
fluences lead to a larger damage concentration exceeding theinitial predamage level.
Fig. 4.24summarises the maximum relative defect concentration,nmaxda , versus the SHI
fluence for different pre-damage levels. For comparison, the data points for irradiation of
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Fig. 4.23: 390 MeV Xe irradiation of InP with different predam age levels.Evolution of the depth distri-
bution of the damage concentration,nda(z), resulting from 390 MeV Xe irradiation of predamaged InP at RT.
The predamaging was performed by LNT-implantation of 600 keV Ge up to a fluence of (a) 4x1012 cm−2 [18]
or (b) 1x1013 cm−2.
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Fig. 4.24: SHI irradiation of predamaged InP under various experimental conditions. Damage concentra-
tion at the maximum of its depth distributionnmaxda [e.g., as indicated by the dashed line in Fig.4.21(b)] versus
ion fluence for (a) 140 MeV Kr or (b) 390 MeV Xe irradiation at RT[18]. The open symbols stand for the
irradiation of virgin InP, and the closed ones – for the post-irradiation of predamaged InP with different initial
damage concentration. The dashed lines connecting the datapoints are drawn to guide the eye.
virgin InP are included. As already mentioned, in the case of140 MeV Kr [see Fig.4.24(a)]
a noticeable defect annealing takes place. However, one cansee that for intermediate predam-
age levels (nmaxda ≈ 0.2 or n
max
da ≈ 0.4) over a broad range of Kr fluences the effect of the
ongoing Kr irradiation is hardly visible, whereas for virgin InP one can see a slight but con-
tinuous increase ofnda within this fluence range. Because of the damage formation occurring
during 140 MeV Kr irradiation in virgin InP and the strong annealing at low Kr fluences in
the predamaged InP, the observed plateau is obviously the consequence of an equilibrium
between the two concurrent processes. Fig.4.24(b)shows that both effects are also present
in the case of 390 MeV Xe irradiation. But contrary to the results for 140 MeV Kr, the
annealing is relatively slight and is observed only for the lowest fluence used. For higher
fluences — as in the case of virgin material — the damage formation dominates.
In summary, our results for SHI irradiation of pre-damaged InP demonstrate that both
additional damage formation and annealing occur. Generally, damage formation in pre-
damaged InP takes place for irradiation conditions that cause a strong damage formation in
virgin material [18]. And annealing dominates in the case of irradiation conditions, for which
only slight damaging is observed in virgin InP [18]. Most probably, this is the annealing of
point defects. Furthermore, one has to consider that the ongoing irradiation results also in a
defect transformation, which may be hardly visible by RBS and requires further experimental
studies (e.g., TEM investigations).
4.5 TEM studies on ion track formation in InP
Transmission electron microscopy (TEM) investigations provide additional important data
on the defect structure in InP bombarded with different SHI’s.
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Fig. 4.25: Annealing of Au ion tracks under the electron beam. PV-TEM images of an InP sample irradiated
with 593 MeV Au at RT. The series of images shows the temporal evolution of single and overlapping ion tracks
under the TEM electron beam [20]. The TEM observations were performed at RT. Part (a) shows the initial
picture, while (b) and (c) - after 2 and 3 minutes, respectively.
First, it is worth mentioning that various defects are efficiently annealed under irradiation
with energetic electrons during TEM analysis. It turns out that ion tracks are generally not
stable under the electron beam. As an example, Fig.4.25shows a series of plan-view (PV)
TEM images of an InP sample irradiated with 593 MeV Au at RT. One can see that already
after the first 3 minutes the TEM image changes very noticeably.8 Further, the effect seems
to be even more noticeable in the case of the ion tracks formedby 375 MeV Xe ions. So, as
it is shown in Fig.4.26, only a few ion tracks are still visible after 4 to 5 minutes.
Fig. 4.26: Annealing of Xe ion tracks under the electron beam. PV-TEM images of an InP sample irradiated
with 375 MeV Xe at RT. The series of images illustrates the temporal evolution of single and overlapping ion
tracks under the TEM electron beam. The TEM observations were p formed at RT. Part (a) shows the initial
picture, while (b), (c), and (d) - after 2, 4, and 5 minutes, repectively.
The conclusions mentioned above are also supported by the evid nce obtained by high-
resolution (HR) TEM. Fig.4.27represents images taken at higher magnification than that of
Figs.4.25and4.26(×1 000 000 vs.×120 000). One can see that in only two minutes an
isolated ion track with the initial diameter of ca. 4.5 nm shrinks to ca. 2 nm [cf. parts(a)
and(b)]. Therefore, especially when interpreting HR-TEM images, particular care must be
taken to ensure the correctness of the conclusions drawn. Inorder to obtain high (atomic)
resolution images, high local densities of the electron current are necessary, which leads to
a very efficient damage annealing. This makes it extremely difficult to reveal theoriginal
inner structureof the observed ion tracks, especially the smallest ones.
8A similar effect of recrystallisation was also reported by Jeňcič et al. after TEM observations of amor-
phous zones formed by room-temperature irradiation of InP with 50 to 300 keV Xe ions [74].
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Fig. 4.27: HR-TEM analysis of ion tracks in InP. High-resolution (HR) PV-TEM images of an InP sample
irradiated at RT with 573 MeV Au ions (1x1011 cm−2). Part (a) shows the initial image, and part (b) - after
2 minutes. The TEM observations were performed at RT.
Fig. 4.28: Continuous tracks in
InP. Panorama-view XTEM images
of an InP sample irradiated with
593 MeV Au (1x1012 cm−2 at RT).
Parts (a)-(c) are images taken at the
very surface and at about 5-7µm
and 15-17µm, respectively.
Fig. 4.28shows cross-section (X) TEM images taken at
different depths of an InP sample bombarded at room tem-
perature with 593 MeV Au ions (1x1012 cm−2). In all three
parts of the figure one can see continuous ion tracks appear-
ing as vertical lines with dark contrast running across the
whole image areas shown.9 This observation proves that the
ion tracks extend from the surface [that is visible at the top
of the part(a)] to depthsz larger than 17µm. The respec-
tive electronic energy loss atz= 17 µm amounts to approx-
imately 19 keV/nm (see Fig.3.3). Therefore, the Au ions
are still in an above-threshold regime and thus are able to
form tracks. However, the Au ions suffer a continuous en-
ergy loss in the target and, consequently, in deeper layers th
tracks first become discontinuous and then disappear totally.
This is illustrated in Fig.4.29that shows the depth interval
where rather continuous tracks are first substituted by dis-
continuous ones, and then, gradually, no tracks are visible
with increasing depth.
In order to estimate the number of visible ion tracks,
PV-TEM images are used commonly. As an example,
Fig. 4.30(a)shows a PV-TEM image of an InP sample ir-
radiated with a relatively low fluence of 573 MeV Au ions
at RT. It is worth mentioning that in this particular case the
initial chargeqinit of the ions is expected to be close to the
equilibrium oneqmean in the bulk [i.e., atz≈ 100 nm and
deeper, see Figs.4.13(c), 4.14, and4.15]. Therefore, in this
9Larger round-shaped dark spots are small In droplets located on the TEM sample surface. The droplets
were formed during the ion-beam milling procedure; see alsoFig. 4.33for details.
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Fig. 4.29: End-of-tracks depth interval in InP.
A bright-field XTEM image of an InP sample irradiated
with 593 MeV Au (2x1012 cm−2 at RT). The image was
taken at 25±5 µm. One can see three different depth in-
tervals containing rather continuous tracks, discontinuous
tracks and no tracks, respectively. The direction of the ion
movement is from top to bottom.
caseqinit ≈ qmean(see Table3.4) and, consequently,εe(z) ≈ constfrom the very surface of
the sample. Taking further into consideration thatεe > ε thre (see Table3.4), one can expect
that each 573 MeV Au ion produces a continuous track. In fact,the number of isolated ion
tracks is≥ 9x1010 cm−2 as follows from Fig.4.30(a). Taking into account the experimental
error for the estimation of the ion fluence (±10%), one can conclude that each 573 MeV
Au ion produces a visible track. Further, the visible ion tracks appear to be continuous and
almost uniformly thick within the sample area that is transparent to the analysing electron
beam [see Fig.4.30(b)].
Fig. 4.31illustrates formation and accumulation of radiation damage in InP bombarded
with 375 MeV Xe at RT. One can see numerous ion tracks resulting from the ongoing irra-
diation. The first part of the figure stands for a relatively low i n fluence, where there are
not very many tracks yet and thus the overlapping is an event occurring with a relatively low
probability. However, with increasing ion fluence more and more ion tracks overlap, which
leads to formation of heavily damaged regions that are much larger than the initial single ion
tracks (see Fig.4.31).
Fig. 4.30: TEM images of ion tracks in InP.Plan-view mode TEM images of an InP sample irradiated at RT
with a relatively low fluence (1x1011 cm−2) of 573 MeV Au ions (593 MeV Au ion beam passed through a
0.8µm thick aluminium foil, see Table3.4). Parts (a) and (b) show images of the InP sample aligned normally
to the analysing electron beam (i.e, in<100> direction) and tilted, respectively.
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Fig. 4.31: Radiation damage accumulation with increasing ion fluence.Bright-field PV-TEM images of an
InP sample irradiated with three different fluences of 375 MeV X at RT: (a) 8.4x1011 cm−2, (b) 2.8x1012 cm−2,
and (c) 5.6x1012 cm−2. The corresponding values of the relative damage concentration nda for a similar irradi-
ation with 390 MeV Xe are ca. 5%, 12%, and 30%, respectively, as it follows from Fig.4.19(a).
Fig. 4.32: Single and overlapping tracks.
Bright-field PV-TEM image11 of InP irradiated
with 375 MeV Xe (8.4x1011 cm−2 at RT). The sin-
gle isolated (narrow) and overlapping (wider) ion
tracks are labelled by “1” and “2”, respectively.
It is worth mentioning that TEM investiga-
tions provide an indication that the damage ac-
cumulation in InP due to swift Xe ion bombard-
ment proceeds in a qualitatively different way if
compared with the case of swift Au ions. To il-
lustrate this, Fig.4.32shows an enlarged part of
Fig. 4.31(a). One can see two different types of
tracks formed by 375 MeV Xe ions. The first
type (labelled by “1” in the figure) represents the
majority of the ion tracks. Such tracks are char-
acterised mostly by a light-grey contrast that is
sometimes even hardly distinguishable from that
of the crystalline surrounding; further, their di-
ameters do not exceed 3 nm. Most probably,
such ion tracks are single-ion ones12 and yet not
completely amorphous. Contrary, ion tracks of
the second type (labelled by “2”) are larger (with diameter up to 5.6 nm) and have a dark-
grey to black contrast in TEM images. We believe that the larger tracks are not single-ion
ones.13 The estimated number of smaller (type “1”) and larger (type “2”) ion tracks visible
in Fig. 4.32equals 240 and 60, respectively. Such a large difference in their numbers sup-
ports the idea that the smaller tracks are primary (i.e., single-ion) ones. Keeping in mind
our assumption that the larger tracks are formed by at least two ions, one can estimate the
11This image is a part of Fig.4.31(a). The selection is made both in order to have a more homogeneous
background, and to ease the counting of ion tracks (see text for details).
12That is, such an isolated track is formed due to a single-ion impact, and no further ions hit this local region
again.
13I.e., such a track is formed only if a swift heavy ion penetrats one of the regions already predamaged by
the preceding ions.
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Fig. 4.33: Discontinuous tracks in InP.X-TEM
image of an InP sample irradiated with 390 MeV
Xe at LNT [20]. Taken at a depth of 4±1 µm.
The ion fluenceNI = 3x1013 cm−2 and the corre-
sponding value ofnda is 20% as it follows from the
RBS measurements [see Fig.4.19(b)]. One can see
discontinuous tracks (labelled with “T”) visible ei-
ther as short continuous dark lines or as strings of
dark points. Larger round-shaped gray or black
spots with diameters of about 30–45 nm are small
In droplets (“D”) located on the TEM sample sur-
face; they are formed during the ion-beam milling
procedure.
total numberNtot of ions that impinged on the sample area shown in Fig.4.32. Therefore,
Ntot ≥ 360 (i.e., 240+ 2×60), which yields 7.9x1011 ions/cm2. Now the last value can be
compared with the respective ion fluenceNI of 8.4x1011 cm−2 [see Fig.4.31(a)]. The dif-
ference between them amounts to ca. 6% that is lower than the experimental uncertainty of
10% in the value ofNI .14 Therefore, in the case of Xe ion irradiation each ion produces a
track; however, the created primary (single-ion) tracks contain rather damaged but not yet
amorphous material. Nevertheless, each of the subsequent projectiles might have a chance
to hit one of the primary tracks. The latter event obviously enlarges the (initially small) ion
tracks. Furthermore, contrary to the single-ion tracks, the larger tracks formed due to multi-
ple Xe ions are most probably amorphous. This idea is supported, e.g., by the TEM data on
the annealing of ion tracks under the analysing electron beam (see Fig.4.26). So, the largest
ion tracks with a black contrast in Fig.4 26(a)shrink very noticeably after 4-5 minutes, but
do not disappear yet. Contrary, the smaller ion tracks are hardly seen or not seen at all after
the same span of time.
Fig. 4.33shows discontinuous tracks formed by LNT-irradiations with 390 MeV Xe. In
this case the ion tracks are observed as strings of dots or short (up to ca. 100 nm length) lines.
It is worth mentioning that the diameters of the largest tracks are approximately equal to the
diameters of the largest tracks formed at RT in InP byrelatively low fluencesof 375 MeV Xe
[see Figs.4.26, 4.31(a), and4.32]. Nevertheless, for the RT-irradiation of InP with higher
fluences of 375 MeV Xe the largest ion tracks have larger dimensions than those formed at
LNT (e.g., with diameters of ca. 11 nm due to RT-irradiation with 5.6x1012 Xe/cm2 versus
6 nm due to LNT-irradiation with an about 5 times larger ion fluence of 3x1013 Xe/cm2 –
compare Figs.4.31(c)and4.33, respectively). However, the observed large discontinuity
of the ion tracks qualitatively explains the noticeable difference between respectivenda(NI )
14Alternatively, the observed difference can be due to trackscreated by three or more ions. E.g., in that case
about 240, 40, and 20 tracks must originate from single, double, and triple ion impacts, respectively. Taking
into account that the tracks resulting from double ion impacts have cross-sections that are 2-3 times larger than
in the case of the single-ion tracks (see Fig.4.32), the above-mentioned illustrative ratio of 240/40/20 does not
seem to be unrealistic.
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Ion E NI TI X- or Number of ion tracks Track radiirTEM
(MeV) (cm−2) PV-TEM (cm−2) (nm)
Xe 250 3x1012 RT PV > 1.0x1011 2.2-4.0
Xe 250 5x1012 RT PV > 1.4x1011 2.2-4.0
Xe 375 8.4x1011 RT PV > 6.6x1011 0.6-2.8
Xe 375 2.8x1012 RT PV — 0.8-3.7
Xe 375 5.6x1012 RT PV — 1.5-5.5
Xe 390 3x1013 LNT X — 1.3-3.0
Au 150 5x1011 RT PV > 1.0x1011 2.0-3.5
Au 573 1x1011 RT PV > 9.0x1010 1.7-3.5
Au 593 5x1011 RT PV > 2.0x1011 1.5-4.5
Au 593 7x1011 RT PV > 2.5x1011 1.5-4.5
Au 593 9x1011 RT PV > 3.5x1011 1.5-4.5
Au 593 1x1012 RT X — 2.0-4.5
Au 593 2x1012 RT X — 2.0-4.5
Tab. 4.2: Summary of TEM results. Results of the TEM studies (cross-section or plan-view modes) of InP
irradiated with various ion fluencesNI of Xe or Au ions having different energyE.
curves for RT- and LNT-irradiation of InP with Xe or Au ion beams (see Fig.4.19).
The main results obtained by TEM studies are summarised in Table 4.2. Two important
remarks concerning the data presented in the table are to be taken into consideration. First,
especially for high ion fluences a multiple overlapping of the ion tracks is observed; thus
we were able to estimate only the lower limit in their surfacedensity. Nevertheless, in the
case of the irradiation with a relatively low fluence of 573 MeV Au ions of 1x1011 cm−2
(see Fig.4.30), ion tracks almost do not overlap and, therefore, can be counted more accu-
rately. And second, the ion track radii determined from the PV-TEM images are exclusively
for isolated tracks. However, one cannot exclude the possibility that the largest isolated
tracks are due to two or more projectiles hitting the sample surface at the same point or very
close to it (furthermore, such a multiple hit seems to us to bethe most probable reason for
the formation of the largest ion tracks). An alternative explanation of the variation in the
isolated track radii is the inevitable phenomenon of ion charge fluctuations that increase or
decrease the momentary energy loss and in this way statisticlly alter the track radii.
4.6 SIMS studies on intermixing in Bi/GaAs and Bi/InP
layered structures
As it was already mentioned in Chapters1 and3.3.3(see pp.5 and15, respectively), experi-
ments on intermixing of layered structures are potentiallycapable to provide an important in-
formation on the local melting of the target matter inside SHI tracks. Therefore, we prepared
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Fig. 4.34: SIMS geometry.
A schematic illustration of the
SIMS geometry used.
Bi/GaAs and Bi/InP layered structures15 and irradiated them at
RT with 593 MeV Au (5x1013 cm−2). Afterwards both the unir-
radiated and SHI irradiated layered structures were investigated
by means of secondary ion mass spectrometry (SIMS) using the
geometry illustrated in Fig.4.34. It is important to mention that
in all cases the sputtering starts from the Bi layer16 on the top
of the GaAs or InP bulk, respectively (see Fig.4.34). Fig. 4.35
shows the respective effect of intermixing in the Bi/GaAs and
Bi/InP layered structures mentioned above. In the figure the
SIMS yield is plotted versus the sputtering timet. One can see
in the upper part of Fig.4.35that the irradiation of the Bi/GaAs
layered structure almost do not modify the SIMS profiles for
both Ga and As constituents. The slight difference between th respective profiles can be
explained, e.g., by the ballistic intermixing [75–78] due to the low but not negligible value
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Fig. 4.35: SIMS studies on Bi/GaAs and Bi/InP intermixing.SIMS results on the intermixing in Bi/GaAs
and Bi/InP layered structures due to 593 MeV Au irradiation (5x1013 cm−2 at RT). The upper and the bottom
parts of the figure stand for Bi/GaAs and Bi/InP layered structures, respectively. The bottom part shows also
the respective profiles of Bi for comparison. The small peaksat the surface (att = 0) are inevitably caused by
the transitional character of the target sputtering at the very beginning.
Contrary, in the case of the Bi/InP system the effect of the SHI irrad ation is very notice-
able. It is quite obvious, that In and P atoms are in large quantities transported through the
15see Sect.3.3.3on details of the sample preparation.
16The Bi layers on the top of GaAs and InP must have equal properties, particularly, their thickness equals
to 62±2 nm in the both cases, as it was measured by means of RBS and surface p ofilometry.
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Bi/InP interface towards the surface. This means that unlikethe interface between Bi and
GaAs, the Bi/InP interface is not so sharp after the SHI irradiation as it was before. If the
observed large effect in the Bi/InP system were a result of ballistic intermixing [75–78], the
same large effect must occur in the Bi/GaAs as well because therespective values ofεn and
Nv are almost identical in InP and GaAs (see Tables3.3and3.4). However, this is clearly not
the case, as follows from Fig.4 35. Thus, the efficient intermixing observed in the case of the
Bi/InP layered system cannot be ascribed to the action of the nuclear energy depositionεn
and, consequently, must be governed by the the electronic energy lossεe. Taking further into
account the observation that both sides of the interface must be locally molten by SHI’s in
order to make an efficient intermixing possible (see p.5) [45–47, 49, 50], one can conclude
that the observed large difference between the magnitude ofthe intermixing in Bi/GaAs and
Bi/InP layered systems can be easily understood if assuming that in GaAs, contrary to InP,
no molten tracks are formed.17
To sum up, the observed difference between GaAs, on the one hand, and InP, on the
other hand, is in agreement with the fact that GaAs is much more resistant to SHI irradiation
than InP (see Sect.4.1and4.3).
17Or alternatively, they have negligible dimensions or existtoo shortly to cause a noticeable transient inter-
duffusion in the tracks across the interface Bi/GaAs.
Chapter 5
Modelling of swift heavy ion irradiation
effects in InP
Fig. 5.1: Energy relaxation in ion track. Time-
evolution of an ion track. The initial electronic
excitation can finally induce an atomic motion,
and in this way the resulting disorder is frozen in.
Taken from Ref. [69].
This part is devoted to a theoretical description
of the formation of the radiation damage (partic-
ularly, ion tracks) in InP bombarded with swift
heavy ions (SHI’s). The corresponding energy
loss per unit path length of a SHI with atomic
numberZ1, energyE and massM1 can be di-
vided into two parts: nuclear (εn) and elec-
tronic (εe) energy loss. It was shown above
(see Sect.4.3) that the high electronic energy
deposition in InP samples bombarded with vari-
ous SHI’s results in a measurable damage within
the near-surface region. In order to answer the
question how this high amount of the electronic
excitation is transferred into atomic motion, one
has to consider all temporal stages of the energy
transfer from SHI’s to electrons and then to the
lattice.
The initial processes of the energy trans-
fer from a SHI take only 10−19 to 10−17 s
for inner-shell interactions and slightly longer
(about 10−16 s) for collective electronic excita-
tions (formation of plasmons) [69]. Hence, just
after the passage of the SHI, the narrow cylindri-
cal target zone coaxial with the SHI path consists
of a two-component plasma of “cold” lattice atoms and “hot” electrons as it is illustrated in
Fig. 5.1. Such a narrow region is often called “ionisation spike”. Atlater temporal stages
45
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this high amount of the electronic excitation is transferred into atomic motion (see Fig.5.1).
The initial energy distribution and dynamics of the hot charge carriers within “ionisation
spikes” have been extensively studied by Schiwietzet al. [79] by means of Auger-electron
spectroscopy.
Irradiation of matter by ultrashort (fs-, ps- or ns-scale) laser pulses is one more pow-
erful technique widely used to study the ultrafast dynamicsof the excited charge carriers
and the energy transfer to the lattice from the temporal evolution of the optical properties
of the material [80–82]. A principal difference between plasmas formed by SHI’s and by
laser irradiation of solids is the energy distribution of freed electrons. Usually, laser pulses
lead to an almost uniform energy distribution (i.e., loosely bound and freed electrons gain
approximately equal energy defined by the laser wavelength). On the contrary, electrons lo-
cated closely to the paths of the SHI’s gain very different energies dependent on their binding
energy and impact parameter.
5.1 Ionisation spikes
In this section the first stage of energy relaxation (i.e., ionisation spikes formed by SHI’s)
will be considered in more detail. In order to do so, one facesth following basic aspects: the
number of electrons freed from their host atoms, their initial energy distribution, and their
initial radial distribution.
The energy distribution and number of freed electrons per unit path length can be ob-







wheredn is the number of freed electrons per unit path length within te energy interval
(ε, ε +dε) that were initially bound with energyI to the atoms. The maximum energy that
can be transferred to an electron in a single collision is given by
εmax= 2meγ2β 2c2. (5.2)
Hereme is the electron mass,γ2 = 1/(1−β 2), andβ = v/c, wherev is the ion velocity and
c is the speed of light in vacuum.
Assuming an average binding energyI , the total number and the total energy of the
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wherek= I/εmax. Thus, the mean value and the standard deviation of the energy p electron
are given by





















Using the recommended mean binding energies of 481 eV for In atoms and 172 eV for P
atoms [84], the calculations yield, for the example of 150 MeV Au,ε ∼= 450 eV,σ ∼= 420 eV,
andε ∼= 280 eV,σ ∼= 340 eV, for the In and P sublattices of the target, respectively. Generally,
the mean value of the energy per freed electron increases with increasing specific ion energy
and varies from ca. 250 eV to 910 eV for the In target atoms and from 180 eV to 480 eV
for the P atoms for the performed SHI irradiations. In order to analyse the basic energy































Here fn(ε) is the number of electrons per unit path length freed by a single ion and hav-
ing energies within the interval (0,ε) relative to their total number∆N per unit path length.
The second function in Eqs. (5.5), fε(ε), stands for the energy per unit path length that is
accumulated by all electrons within the energy interval (0,ε) relative to the total electronic
energy∆E per unit path length. The expressions for∆N and∆E are given in Eqs. (5.3).
Obviously, both functions in Eqs. (5.5) depend only on the mean binding energyI (target
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Fig. 5.2: Energy distributions of electrons freed by SHI’s. The functionsfn(ε) (a), and fε(ε) (b) given
by Eqs. (5.5), for different representative SHI irradiations [20]. The former function stands for the number of
electrons per unit path length freed by a single ion and having energies within the interval (0,ε) relative to their
total number per ion and unit path length. The latter function represents the energy per unit path length that is
accumulated by all electrons within the energy interval (0,ε) relative to the total electronic energy per ion and
unit path length. The description given in (b) is valid for (a) as well.
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property) and on the maximum electron energyεmax (ion property). The latter value, in its
turn, depends only on the ion velocity [see Eq. (5.2) above]. Therefore, different SHI’s hav-
ing almost equal specific energyE/M1 (like 390 MeV Xe and 593 MeV Au, see Table3.4)
will be represented by virtually the samefn(ε) and fε(ε) functions. The energy distribu-
tions given in Eqs. (5.5) are illustrated in Fig.5.2 for selected ion species. One can see in
Fig. 5.2(a)that the fraction of electrons with an energy ofε ≤ 10 eV is about 2-6%, and their
total energy is in all cases less than 1% of the ion energy loss[see Fig.5.2(b)]. The fraction
of electrons within the energy range of 10-100 eV varies betwe n 15% and 40%, and their
total energy is limited to 10% in the maximum. Contrary, very fast electrons (ε ≥ 1 keV) can
constitute up to 25% of the total freed electrons but can carry up to 75% of the total energy
lost by the ions. Finally, a major part of the electrons belongs to an intermediate energy
range from 100 eV to 1 keV [cf. also with the mean energies of the electrons obtained from
Eqs. (5.4)] and share from 25% to 90% of the total electronic energy depending on the SHI
velocity.
In order to calculate the projected rangesrp of the energetic electrons escaping from the
initial ionisation spikes, we have used theCASINO Monte Carlo code (version 2.42) [86]. As
an illustrative example, Fig.5.3shows the range distributions of 200 eV, 500 eV, 1 keV, and
2 keV electrons in InP. One can see that the mean projected range of such electrons varies
from units to tens of nanometres.
It should be mentioned that the basic Eq. (5.1) supposes that all (initially bound) elec-
trons have equal binding energyI . In practice, however, the electron binding energies in the
outermost and the innermost electronic shells of heavy atoms (e.g, In) can differ by 3-4 or-
ders of magnitude. Nevertheless, Eq. (5.1) holds for any specific electronic shell and can be
applied for practical calculations providing that absolute or relative ionisation cross-sections
are known for each electronic shell. Such cross-sections were calculated using theCASPcode
by Grande and Schiwietz [87]. The results of the correspondingCASPcalculations show that




























Fig. 5.3: Range distribution of fast electrons. Range distribution of electrons [20] with initial energy of
200 eV, 500 eV, 1 keV, and 2 keV in InP as calculated by theCASINO code.
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most of the SHI energy is spent to outer electronic shells. Soas fast ions are decelerated
mainly through ionisation of target atoms and much less through excitation of valence- and
conduction-band states [69], we can neglect excitation events and consider the cross-sections
Qe calculated by theCASP code as related only to ionisation energy losses that are caused
by SHI interaction with each specific electronic shell of thearget atoms. That is, the∆E
value in Eqs. (5.3) can be substituted by the corresponding partial energy loss of the ion due







whereεe is the total energy loss of the ion per unit path length. The performed substitution
allows us to calculate the termψ from the last expression1 in Eqs. (5.3) and put it into the first
expression. In this way one obtains the number of electrons detached from each specific shell
∆N(i). Finally, the summation over all electronic shells of the two atom species provides the





In the next step the initial radial distribution of electrons detached by a single SHI from
their host atoms is considered. The formula for the impact parameter (r) dependent ion





















From this one obtains the impact-parameter-dependent energy transfer to a single electron











For non-bare ions the chargeZ1 of the nucleus must be replaced by their mean ionisation de-
greeqmean. The last equation allows to calculate the maximum distancet which an electron
in the outermost electronic shell of a target atom can be detach d from its host atom (this










The mean equilibrium charge stateqmeanof the ion can be calculated by using the for-
mulas given by Schiwietzet al. [69]. The calculations yield, for the example of 250 MeV
Xe, rmax∼= 1 nm and∆N
(total)
e = 189 nm−1. Therefore, the initial density of the freed elec-
1The electron shell binding energiesI (i) for elements were taken from G. Williams’ WWW compila-
tion (seehttp://www.jlab.org/ ˜ gwyn/ebindene.html or http://www.webelements.com ). The data are
adapted from Refs. [88–90].
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trons equals approximately 6x1022 cm−3 and is comparable with the atomic density of InP
(3.96x1022 cm−3).
Now the temporal evolution of the ionisation spikes will be considered. Unfortunately,
unlike the initial stage of the formation of the ionisation spikes, the cooling stage is not so
well studied. First, the differently hot carriers redistribute energy among themselves (elec-
tronic energy thermalisation). Second, they transfer somepart of the energy to the sur-
rounding cold lattice (e.g., due to the carrier-optical phonon scattering [91], which is the
main mechanism for compound semiconductors consisting of li ht and heavy constituents).
Finally, the highly excited nonequilibrium carriers in theelectron-hole plasma can recom-
bine or be scattered by ionised impurities [92], though at room temperature and at elevated
temperatures the last two mechanisms are much slower than the carrier-carrier and carrier-
phonon scattering processes mentioned above [44, 80, 92, 93]. Thus, the initial stage of
electronic energy thermalisation is followed by a relaxation stage, where the hot carriers
exchange energy with the lattice by emission and absorptionof phonons, which results in
a net flow of energy from the carriers to the lattice (so-called “ lectron-phonon coupling”).
It should be mentioned that some part of nonequlibrium phonons emitted in earlier events
will be reabsorbed by the charge carriers, which slows down the overall cooling process to
some extent [93].
5.2 Thermal spikes
It is worth mentioning that the whole spectrum of the experimntal data on the radiation
damage formation and annealing in InP due to swift heavy ionspre ented above2 does not
conform to and cannot be explained neither by theCoulomb spikemechanism [21–23], nor
by the lattice-relaxation(athermal melting) mechanism [28–30] because otherwise the ob-
served radiation damage in InP formed by SHI bombardment would be essentially indepen-
dent of the irradiation temperature. The last is obviously not the case as it follows, e.g., from
Figs.4.18(c)and4.19. Contrary, the observed noticeable influence of the irradiation tem-
perature gives a clear indication that the underlying fundamental processes are of a thermal
character. Therefore, namely the thermal spike model was cho en as a basis for the following
calculations.3
The calculation of the lattice temperature is performed on the basis of coupled differen-





























3See also p.4 and p.5 for the respective motivation and grounds.
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whereCe, Ke, andCa, Ka are the specific heat and thermal conductivity of electrons and
atoms, respectively;Te andTa are the electronic and atomic temperature (average energy); r
is the radial distance from an ion trajectory;t is the time;g(Te) is the efficiency of the energy
transfer from excited electrons to the lattice (so-called el ctron-phonon coupling);A is the
energy density [37] deposited in target electrons,







whereα is a normalisation constant andt0 is the energy deposition time [41].
Fig. 5.4: SHI track. The
radii of core (rc) and penum-
bra (rp) are shown.
As it is known from many experiments on ion irradiation
of different targets, visible tracks consist of two distinczones
[94–97]. The maximum track radiusrp is determined by the range
of the most energetic electrons produced by the ions (see Sect. 5.1
and Fig. 5.3). Such a wide cylindrical zone of a track is called
“ultratrack”, “halo”, or “penumbra”. A much thinner cylindrical
zone of primary ionization with a radiusrc = rmax [see Eq. (5.9)]
is called “infratrack” or “core”. The average accumulated dose
within the track core is usually orders of magnitude higher than
that in the track penumbra. Chatterjee and Schaefer [94] have pro-
posed the following expressions for the average initial energy den-
sities in the ion track as functions of the radial distancer from the ion path:



























) for rc < r ≤ rp (5.14)
are the energy densities within the track core and penumbra,respectively. These densities
are semi-empirical (ther−2 distribution comes from experiments), self-consistent (they are


















The constantα in Eq. (5.11) can be calculated from the normalisation condition for the
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A(r, t)2πrdrdt = εe (5.15)
As it was already mentioned, the spatial term ofA(r, t) [i.e., F(r) in Eq. (5.11)] is self-




























As a consequence of Eq. (5.16) α is given by
α ∼= (0.398t0)−1 . (5.17)
Further, by analogy with the initial distribution of the energy density [see Eqs. (5.13)





for r ≤ rc
N∗
πr2e
1−r/rc for rc ≤ r ≤ rp
, (5.18)







with ∆N(total)e being the total number of freed electrons per ion and unit path length (it is
calculated as described in Sect.5.1).





was introduced originally for metals [98]. Herene is the volume concentration of free elec-
trons, vs is the sound velocity, andτe(Te) is the mean free time between two electronic
collisions at temperatureTe [40]. However, as it is known from laser experiments on the
temporal evolution of the optical properties of various semiconductors [69, 80, 82], the en-
ergy gap closes and one observes a metallic behaviour if about 10% of the valence electrons
are promoted into the conduction band. As it was shown above,this condition holds in the
wake of a SHI, i.e, close to the ion path. Further, as it was suggested by other authors, hot
electrons in conduction bands of nonmetallic solids will behave like hot electrons in a metal
[41, 99]. Thus, Eq. (5.20) will be used in this study as well.
MODELLING OF SWIFT HEAVY ION IRRADIATION EFFECTS IN INP 53
5.3 Data used for the calculations
TheCe(Te) andKe(Te) dependences are not known for InP. Therefore, it was assumedthat
freed electrons with high energies can be considered as quasi-free particles (see above).
Consequently, the specific heatCe = 32kBne and the thermal conductivity of the electrons
Ke = CeDe, wherekB is the Boltzmann constant,De is the thermal diffusivity of electrons
(its value is unknown for InP;De is taken to be 5 cm2/s close to the value used by Meftah
et al. [41] for yttrium iron garnet). The temperature dependences ofCa andKa taken from
available table data [55, 100] are shown in Fig.5.5.

























)] Fig. 5.5: Thermal properties of InP. Temper-
ature dependence of the specific heatCa and the
thermal conductivityKa of InP lattice [20]. To
our knowledge, there are no data on the ther-
mal properties of InP for higher temperatures
in literature; therefore, the presented curves are
extrapolated.
The value of the average sound velocityvs = 5130 m/s is from Ref. [101]. The parameter
t0 in Eq. (5.11) was taken to be equal to 5x10−15 s. Izui suggested that the energy is shared
between electrons within ca. 1x10−15 s [102]. However, a variation of this value within
(1-5)x10−15 s has almost no influence on the results of the calculations.4 On the contrary, the
parameterτe strongly influences the results of the calculations and cannot be taken arbitrarily.
Instead,τe can be estimated from available experimental data. For thatwe have used the
data on ion track formation in InP presented by Herreet al. in Ref. [9]. Particularly, the
TEM results shown there suggest that in the case of 250 MeV Xe irradiations at RT rather
continuous tracks extend up to depths of approximately 7µm and discontinuous tracks reach
a depth of about 10µm. The electronic energy loss of the Xe ions at 7µm and at 10µm is
16.1 keV/nm and 13.4 keV/nm, respectively (see Fig.5.6).
As suggested by Komarovet al. [103, 104], discontinuous tracks are formed due to
statistical fluctuations of the SHI charge because of electron capture and loss processes.
The statistical fluctuations of the ion charge are immediately followed by the corresponding
fluctuations of the momentary energy lossεmom. Thus, if εmom is only slightly higher than
the threshold value for track formationε thre , a capture of one or more electrons by a SHI
4Because of the applied uniform time grid to be mentioned below, taking 5x10−15 s instead of 1x10−15 s
allows us to use five times larger time steps in the finite difference schemes for Eqs. (5.10) and thus results in a
very substantial saving of the processor time.
MODELLING OF SWIFT HEAVY ION IRRADIATION EFFECTS IN INP 54
can reduceεmom below ε thre . Similarly, if εmom is only slightly lower thanε thre , a loss of
one or more electrons by a SHI can increaseεmomso that it will be higher thanε thre . In this
way a discontinuous track is formed; the lengths of its isolated parts are determined by the
probabilities of electron capture or loss [68] by the SHI. Let us denote the mean energy loss
250 200 150 100 50 25 0
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Fig. 5.6: Mean electronic energy loss of 250 MeV Xe in InP.
Depth dependence of the ion energy and the corresponding mean
electronic energy lossεe of 250 MeV Xe in InP (solid line,
SRIM-2003[58] calculations). The hatched area schematically
illustrates a possible deviation (not to scale) ofεe rom its mean
value (represented by the solid line, see above) due to statistic l
fluctuations of the momentary ion chargeq. The vertical dashed
lines mark the depths of 7µm and 10µm where respectively
rather continuous or discontinuous tracks disappear (cf. with
the bottom part of the figure that schematically summarises th
panorama-view XTEM images [9] presented in Fig.1.1).
at depth z as ε and its stan-
dard deviation as∆ε (∆ε > 0).
Therefore, discontinuous (continu-
ous) tracks extend up to the depth,
where(ε ±∆ε) = ε thre , respectively.
Assuming∆ε(7 µm) ≈ ∆ε(10 µm),
the value of ε thre can be eas-
ily estimated for Xe irradiation:
ε thre ≈ 14.8 keV/nm. This value cor-
responds to the energy loss of a Xe
ion with energy of about 100 MeV.
Therefore, 100 MeV was taken to be
the threshold energy for track forma-
tion in InP by Xe irradiation. Within
the thermal spike model this means
that the ion locally heats the target
exactly up to the melting pointTm of
1335 K. This condition was used to
determineτe. Namely, the value of
τe is first set arbitrarily, and then is
varied in finite steps until the calcu-
lated maximum atomic temperature
at the ion track axis equalsTm. The
resulting value5 of τe (8.5x10−17 s)
is afterwards used for all other ion
species and energies; additionally,
it is considered to be constant, be-
cause its temperature dependence is
not known. Taking the calculated value of 6x1022 cm−3 as estimation of the concentration
of the freed electrons within ionisation spikes (see Sect.5.1), the electron-phonon coupling
efficiencyg can be calculated by using Eq. (5.20). So, for example, at the initial stage of the
electron cooling the “hot” electrons can have temperaturesp to 104-105 K, which leads to
g = 2.8x1011-2.8x1012 W/(cm3 K). At the final stage of the electron coolingg amounts to
5This value is relatively small; however, such a short free time between two collisions is not impossible, as
follows, e.g., from the high electron-phonon scattering rates presented by Arnold and Cartier [105].
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about 9.3x1013 W/(cm3 K) when the electronic temperature approaches room temperatur .
Finally, the initial and boundary conditions for both Eqs. (5.10) are the following ones






whereR is some constant value chosen arbitrarily so thatR >> rp, andT0 is the initial
temperature of the target. The second condition in Eq. (5.21) merely demands that all spatial
gradients of the temperature be finite.
5.4 Calculations
The numerical solution of the system of differential equations (5.10) with the initial and
boundary conditions (5.21) has been performed using our program codeHEAT [20, 106].
We have used nonuniform spatial and uniform time grids. The constructed high accuracy
scheme for the differential equations with variable coefficients was proven to be converging
to the exact solution with the rateO(h2 + τ), whereh andτ are spatial and time grid steps,
respectively. The details of the mathematical model can be found in Ref. [106].
5.5 Calculation results
It has to be mentioned that in our calculations of the atomic temperature in InP, the latent
heat of melting is not taken into account. Namely, we have supposed that in order to melt
material locally, it is enough to heat the atomic lattice up to the melting point. This can be
qualitatively understood, if keeping in mind that atoms located within an ionisation spike
have lost most of the valence electrons and, hence, the chemial bonding among ionised
atoms must be much weaker than in normal state.
As an example, Fig.5.7 shows the temporal evolution of the radial distributions ofthe
electronic (Te) and atomic (Ta) temperature (average energy) in InP irradiated with 390 MeV
Xe at RT [see parts(a) and(b), respectively]. One can see that within the time span from
0.1 ps to 3 ps the electronic temperature decreases by about an rder of magnitude at the track
axis (i.e., atr = 0). This is caused by an efficient redistribution of the energy among electrons
and by the energy transfer to the atomic lattice via electron-phonon coupling (see Sect.5 1
and5.2). As a result of the electron-phonon coupling, the atomic temp rature at the track
axis increases from the initial value (i.e., from RT) up to the melting pointTm in about 1 ps.
Contrary, at larger distances the maximum temperature is reached much later [e.g., cf. the
respectiveTa(r) distributions for 1 ps, 1.5 ps, 2 ps, and 3 ps shown in Fig.5.7(b)]. The radius
of the molten zone reaches its maximum value at approx. 1.5 ps, whereupon a cooling stage
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Fig. 5.7: Thermal spikes in InP irradiated with 390 MeV Xe at RT. Radial distributions of the (a) electronic
and (b) atomic temperature in InP bombarded with 390 MeV Xe atRT [please, note the different scale of the
horizontal and vertical axes in parts (a) and (b)]. Multiplecurves in both parts stand for different moments
of time t. Further, the curve fort = 1.5 ps in part (b) corresponds to the moment of time where the radius of
the molten track reaches its maximum valuersim [i.e., where the melting pointTm (1335 K, see Table3.1) is
reached at the maximum radial distancer from the track core axis, as it is illustrated by the light yellow area].
comes into play.6
The main calculation results for different experimental conditions (ion species and irra-
diation temperature) are depicted in Fig.5.8. Fig. 5.8(a)shows the maximum atomic tem-
perature in InP at the ion track axis as a function of the ion species and energy. One can see
that for RT-irradiations with Au and Xe, the calculated maximum atomic temperatures ex-
ceed the melting pointTm within a certain range of ion energies. Contrary, for RT-irradiations
with Kr and for all LNT-irradiations, the calculated maximuatomic temperatures are lower
thanTm. The resulting radii of the molten tracks formed by Au and Xe at RT are depicted
in Fig. 5.8(b). This figure shows that the calculated radii vary with the ionspecies and en-
ergy. One can see that the calculated radii of the molten tracks correlate with the available
TEM results on Xe and Au irradiation of InP. Similar calculations were performed for RT-
irradiations with Pb as well. The corresponding line for Pb lies only slightly above that for
Au and, therefore, it is omitted in the figure. For example, thcalculated track radii amount
to 2.4 nm (not shown) in the case of 385 MeV Pb irradiation at RTand, hence, are in a good
agreement with the TEM results presented by Szenest al. (see [13]). Further, Fig.5.8(b)
demonstrates that there are “low-” and “high-energy” thresolds for melting, which are dif-
ferent for lighter and heavier ions. Finally, there appearsto be no universal (i.e., valid for
all ion species) “low-energy” RT-threshold for melting (the only measure used commonly
6The calculated values of the solid-liquid phase transitionme tioned above (i.e., from 1 ps to 3 ps) correlate
well with the results obtained by Bonseet al. for InP irradiated with ultrafast laser pulses [107]. Particularly,
150 fs laser pulses above the threshold of 0.16 J/cm2 were found to cause anultrafast thermal meltingof the
material within 1-2 ps.
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Fig. 5.8: Results of the thermal spike modelling.(a) Dependence of the maximum atomic temperature at the
ion track axis (r = 0) on the ion energy for various ion species [20]. The data are presented for both RT- and
LNT-irradiations. The dashed line corresponds to the melting point of InP (1335 K). (b) Dependence of the
calculated maximum radius of the molten zone,rsim , on the ion energy for various ion species [20]. The data
are shown solely for RT-irradiations. The “low-energy” RT-thresholds for melting are presented. Data points
obtained from TEM for 150 MeV Au, 593 MeV Au, and 375 MeV Xe are also shown for comparison.
in the literature). More specifically, the threshold energylossε thre is higher for ions having
lower atomic numberZ1 (cf. the estimated values ofε thre for Au and Xe of 12.0 keV/nm and
14.8 keV/nm, respectively).
To sum up, the obtained calculation results are self-consistent and correlate well with the
data available from the TEM investigations. Therefore, theextended thermal spike model
(see Sections5.1, 5.2 and5.3) correctly describes the formation of ion tracks in InP due to
(above-threshold) SHI irradiation and allows to calculatetheir spatial dimensions.
Chapter 6
Discussion
In the following the main experimental and theoretical results obtained for various SHI ir-
radiation conditions and for different target materials (Ge, aAs, and InP) will be analysed
and compared to each other.
6.1 Origin of the radiation damage in InP
As it was shown in Sect.4.3, SHI irradiation of virgin InP in above-threshold electronic
regimes causes the lattice disordering up to amorphisation. In order to check for the possible
influence of nuclear energy deposition, we recalculated thevalues of the ion fluences used
(see Table3.4) into the relative concentration of displacementsndpa (in commonly used units
of displacements per atom, dpa) according to
ndpa = NvNI/Na, (6.1)
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Fig. 6.1: Origin of the radia-
tion damage in InP. Measured
damage concentrationda (from
RBS studies) versus the calculated
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(tens to hundreds of keV) Fig. 6.2: Amorphisation
threshold for low- and high-
energy irradiation. Relative
concentration of displacements
necessary to amorphise material,
namdpa, versus the number of
vacancies per unit path length
Nv [20].
whereNv and NI are the number of vacancies1 per ion and unit path length and the ion
fluence, respectively, andNa = 3.96x1022 cm−3 is the atomic density of InP (see Table3.1).
Fig.6.1shows the measured damage concentrationnda (obtained by means of RBS and chan-
nelling technique) as a function ofndpacalculated for some above-threshold irradiations. The
data points atnda≈ 1 marked by arrows in the figure demonstrate that the materialis already
very heavily damaged and partially amorphised, while the relative vacancy concentration is
still very low: it amounts to only 0.5-3% of the atomic density of InP. Obviously, the damage
measured is too high to be caused by the nuclear energy loss ofthe ions. Therefore, the
nuclear energy loss alonecannot account for the damage formation illustrated in Fig.6.1;
instead, the observed large radiation damage has to be attributed to thehigh electronic energy
deposition[18].
In contrast to the above-threshold irradiations, in the case of sub-threshold and near-
threshold irradiations (i.e., for 82 MeV Xe, 64 MeV Au, and 79MeV Au, see Table3.4)
the nuclear energy loss of the ions can play a more important role, or can even turn into the
dominating mechanismof damage formation. This is illustrated in Fig.6.2, which shows
the relative concentration of displacements necessary to amorphise material (namdpa) versus
the calculated number of vacancies per ion and unit path length Nv. The results previously
reported by Wendleret al. [72] for low ion energies of tens to hundreds of keV (where
damaging is determined by nuclear energy loss) are shown forcomparison. One can see in
Fig. 6.2 that the data points for 64 MeV and 79 MeV Au irradiations are very close to the
curve for the low energies. Therefore, in those two cases theradiation damage is at least to
a large part due to the nuclear energy loss, which qualitatively explains our observation that
the experimental valuesnda(NI ) for 64 MeV and 79 MeV Au irradiations cannot be fitted by
single curves in the framework of the Gibbons’ model [see Fig. 4.19(a)].
1As calculated by using theSRIM-2003code [58], see Table3.4.
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6.2 Formation and overlapping of ion tracks in InP
Figure6.3shows a PV-TEM image of an InP sample irradiated with 593 MeV at RT. One can
see in the figure both single ion tracks (marked by circles) and overlapping tracks (marked by
arrows). The radii of the single isolated tracks were measured by a series of PV-TEM images
taken with the same or higher magnification from various parts of the sample surface. The
largest isolated tracks with radii from 3.0 nm to 4.5 nm are rather rare; their number does not
exceed 5% of the total number of tracks. If the largest (very sldom observed) tracks2 are
not taken into consideration, the radii of smaller isolatedtracks (that constitute the absolute
majority of all isolated tracks) vary between 1.5 nm and 2.5 nm. The same range of isolated
track radii is also observed for 150 MeV Au irradiations. Those values are in good agreement
with the calculated radii of molten zones [see Fig.5.8(b)].
Fig. 6.3: Single- and multiple-ion tracks. PV-
TEM image of an InP sample irradiated at RT with
593 MeV Au up to a fluence of 9x1011 cm−2 [20].
The circles mark (most likely) single ion tracks
and the arrows point to areas containing at least
3-4 overlapping tracks.
Further, the calculated radii of molten zones in virgin InP irradiated with 193 MeV Xe,
250 MeV Xe, or 390 MeV Xe do not exceed 0.6 nm [see Fig.5.8(b)]. This value is only
slightly larger than the lattice constant of InP (0.586 nm, see Table3.1). Therefore, not
tracks, but rather point defects and point defect clusters are formed at first in virgin InP by
fast Xe ions.3 Nevertheless, with increasing Xe ion fluence more and more radiation damage
is created in form of point defects and point defect clusters, which increases the probability
that subsequent Xe projectiles hit areas already damaged bypreceding ions. Electrons freed
by such ions from their host atoms no longer “see” the perfectvirgin atomic lattice, but
a more or less disordered one. Consequently, they interact more strongly with the atoms,
causing a faster transfer of energy from the excited electrons into the lattice, which in its turn
2See Table4.2and Sect.4.5, p.42.
3See also discussion of the respective TEM results (Sect.4.5, p.40).
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Fig. 6.4: Simulated ion track radii in
disordered InP.Radii of molten tracks
calculated by theHEAT code in disor-
dered InP assuming different predam-
age level and, thus, increased electron-
phonon coupling efficiencyg [20]. The
threshold values of the factorαg are
also shown (see text for details). The
hatched areas illustrate the respective
intervals of the track radii obtained by
TEM for Xe or Au irradiation at RT
(see Sect.4.5).
favours the formation of visible ion tracks.4
In terms of the thermal spike model a more efficient transfer oenergy from excited
electrons to the lattice means that the electron-phonon coupling efficiencyg [see Eq. (5.20)]
becomes higher with increasing damage concentration. In order to estimate the qualitative
influence of this effect on track formation, we have performed calculations with all the same
parameters as previously (i.e., the results shown in Fig.5.8), but multiplied the values of
g by a factorαg. The values of molten track radiiRsim calculated in this way for selected
ion species are shown in Fig.6 4. The case ofαg = 1 corresponds to SHI irradiations into
perfectly ordered virgin material, while data points withαg > 1 are for predamaged InP.
Finally, the data points forαg < 1 have no direct physical meaning, because the electron-
phonon coupling efficiency cannot be lower than that for the perfectly ordered material.
Nevertheless, the position at which the calculated curve crosses the abscissa,α thrg , allows
us to predict, whether a certain SHI irradiation of the virgin material will result in track
formation. One can expect rather continuous tracks ifα thrg is noticeably lower than unity,
rather discontinuous tracks ifα thrg is close to unity, and, finally, no tracks are to be expected
if this value is noticeably larger than unity. This conclusion is supported by the RBS and
TEM investigations presented in Sect.4.3.3and4.5. For example, no tracks in crystalline
InP were formed by Kr irradiation withα thrg ≈ 1.5. However, even in this case tracks can be
created if the ions penetrate heavily damaged areas or suffer an instantaneous loss of many
electrons (though the latter event has a relatively low probability).
Further, Fig.6.4demonstrates that the whole interval of the track radii determined from
the TEM investigations (see the blue and the red hatched areas in the figure) can be described
4Additionally, the thermal conductivity of the disordered lattice can be lower than that of the perfect one
(e.g., in the case of highly disordered Si80Ge20 alloy a calculated reduction in the thermal conductivity amounts
to 32% [108]). However, our calculations by using theHEAT code show that such a reduction in the thermal
conductivity of InP does not lead to a very large increase in the maximum temperatures within track regions.
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Fig. 6.5: InP irradiation with different ion species: Xe vs. Au. Bright-field PV-TEM images of InP irradiated
at RT with (a) 375 MeV Xe, or (b) 593 MeV Au. The ion fluenceNI equals ca. 8.4x1011 cm−2 in both cases.
in the framework of the extended thermal spike model (see Sect. 5.2) by assuming that the
electron-phonon coupling efficiencyg increases with damage concentration and for very
high lattice disorder arrives at a value that is about 3 timeslarger than that for the perfectly
ordered material.5
The results obtained for LNT-irradiations with 390 MeV Xe and 593 MeV Au show that
the very first Xe or Au ions impinging perfectly ordered InP cannot create tracks, but only
point defects and point defect clusters. This follows from the fact that, first, one overlap
is necessary to fit the corresponding experimentalda(NI ) curves [see Fig.4.19(b)] and,
second, the calculations give radii of the molten zones ofrsim= 0 [see Fig.5.8(b)]. This also
explains why no tracks were observed by Gaiduket al. [11] in InP irradiated at LNT with a
relatively low fluence of 7x1012 cm−2 of 250 MeV Xe ions. Contrary, subsequent Xe or Au
ions are able to form discontinuous tracks at LNT (e.g., for the much higher Xe ion fluence
of 3x1013 cm−2, see Fig.4.33) by hitting damaged zones already created by preceding ions.6
Fig.6.5provides an illustrative comparison between efficiencies of the radiation damage
formation and accumulation in InP bombarded at RT either with 375 MeV Xe or 593 MeV
Au ions [parts(a) and(b), respectively]. In both cases the ion fluence equals approximately
8.4x1011 cm−2. Obviously, the irradiation with Au results in formation ofnoticeably larger
tracks as compared with the Xe irradiation. This conclusionis valid both for single-ion
tracks and multiple-ion (i.e., overlapping) tracks. The last observation correlates well with
the simulation results on the molten track radii in virgin and disordered InP [see Figs.5 8(b)
and6.4, respectively].
5I.e., the value of theαg increases from its initial value of unity to about three.
6See the discussion above, p.61
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6.3 Calculatedvs. experimental values of ion track radii in
InP
Let us compare the values of the track radii obtained by the calculations with theHEAT code
(see Sect.5.4 and5.5) to those resulting from RBS and TEM investigations. These values
are summarised in Table6.1.
Ion E TI mRBS rsim rRBS rTEM
(MeV) (nm) (nm) (nm)
Xe 193 RT 0 0.50 1.2±0.1 —
Xe 250 RT 0 0.45 1.3±0.1 1.0–4.0
Xe 375 RT 0 0.40 — 0.6–2.8
Xe 390 RT 0 0.40 1.4±0.1 —
Au 79 RT 0 0.90 1.1±0.1 —
Au 150 RT 0 2.15 2.3±0.1 1.5–3.5
Au 573 RT – 1.90 — 1.7–3.5
Au 593 RT 0 1.90 3.0±0.2 1.5–4.5
Xe 82 RT 1 0 1.6±0.1 —
Xe 390 LNT 1 0 0.9±0.1 1.5–3.0
Au 593 LNT 1 0 3.9±0.2 —
Kr 140 RT – 0 — —
Au 64 RT 0 0 1.2±0.1 —
Tab. 6.1: Damage cross-sections in InP.Ion track radii simulated by the HEAT code (rsim, see Fig.5.8),
calculated from the respective RBS data (rRBS, see Table4.1), and measured by TEM (rTEM, see Table4.2) for
different ion species. HeremRBSis the number of overlaps obtained by fitting of the RBS data inhe framework
of the Gibbons model [73] for different SHI irradiations of InP (see Sect.4.3.3).
One can see that the simulated radiirsim are generally lower than bothrRBSandrTEM. How-
ever, the values ofrsim, rRBS, andrTEM for every certain ion species can in no way be equal
to each other, because all of them have different physical mening. So, the calculated radii
rsim are exclusively for perfectly ordered material [see Fig.5.8(b)]. Contrary, the data from
the RBS investigations are more or less averaged values resulting from point defects, point
defect clusters, and tracks.7 Finally, the TEM data cover the range from the narrowest tracks
(formed by single ions hitting undamaged crystalline areas) to wider ones (due to multiple
ions hitting the same area). The diameters of the tracks varyover a broad range. Furthermore,
for discontinuous tracks the general picture is even more complex, because their second spa-
tial dimension (length) is also varied. Nevertheless, as expected, in those cases where each
ion is supposed to produce a track (noticeably larger than poi t defect clusters and large
enough to be stable, as it seems to be the case, e.g., for RT-iradiations with 150 MeV and
593 MeV Au), the calculated radiirsim are close to the lower limit of the TEM radiirTEM.
7Therefore, the mean track radius must be smaller than the resp ctive value ofrRBS.
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Contrary, for SHI irradiations with ion species producing atfirst no amorphous tracks but
rather point defect clusters in perfectly ordered virgin materi l (all RT- and LNT-irradiations
with Xe, and LNT-irradiations with 593 MeV Au), the values ofrsim andrRBSare generally
smaller than the radii deduced from TEM studies.
6.4 Radiation resistance of Ge, GaAs and InP
As it was demonstrated in Chapter4, SHI bombardment of crystalline materials leads to the
formation of radiation damage. The measured damage concentratio nda strongly depends
on the target material, ion species and energy, and irradiation temperature.
Figure6.6 shows fluence dependences of the damage concentrationnda resulting from
either 390 MeV Xe or 593 MeV Au irradiation of Ge, GaAs, or InP at RT. First, one can
see that GaAs is slightly more radiation-resistant to both Xe and Au bombardment than
Ge. Further, InP appears to be much less resistant to SHI irradiation than the two other
materials studied. For example, in the case of 1x1013 cm−2 of 593 MeV Au InP is nearly
amorphised, whereas the observed concentration of damage in Ge and GaAs does not exceed
1% providing the same irradiation conditions (see Fig.6.6). Such a remarkable difference
between Ge and GaAs, on the one hand, and InP, on the other hand, is very intriguing.
Further, the respective damage concentrationsnda in Ge and GaAs are still relatively low
even for the highest ion fluences used (see Fig.6.6); the value ofnda saturates at ca. 1-3%
during the ongoing irradiation. This demonstrates that theradiation damage formed due to
the elastic stopping in single atomic cascades is not stable. This instability can be explained,
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Fig. 6.6: Radiation resistance of Ge, GaAs, and InP.Fluence dependence of the damage concentration,
nda(NI ), formed at RT with different SHI’s in the studied materials.
DISCUSSION 65
e.g., byefficient diffusionand annihilation of point defects in Ge (provided that they are
mobile at RT), or by thedamage annealingdue to the high electronic energy depositionεe.
It is worth mentioning that up to now no tracks were registered b low 35 keV/nm in
Ge or GaAs irradiated with various fast monatomic ions [109–111]. On the other hand,
irradiation of Ge with 20 MeV, 30 MeV or 40 MeV fullerenes (εe of 37, 44, and 51 keV/nm,
respectively) does result in formation of tracks [111].8 This gives us an indication that in
order to form tracks a certain threshold energy deposition must be exceeded. Therefore, as
it is supposed by Komarovet al. [115], the threshold values ofεe for Si, Ge, and GaAs
crystals are relatively large and have not been reached during ir adiations with monatomic
ion beams. However, they reported on formation of noticeably discontinuous tracks in Ge
irradiated with 710 MeV209Bi or 1.3 GeV238U ions [115]. The electronic energy lossεe
of the bismuth and uranium ions is relatively high and equalsrespectively 35 keV/nm and
43 keV/nm as follows from theSRIM-2003calculations. However, the tracks observed by
them are more like rare strings of elongated blobs; and the total number of the tracks is
more than an order of magnitude less than the ion fluence used.Th authors suggest that the
discontinuous track are formed in subthreshold regime and hve to be ascribed to inevitable
statistical fluctuations of the SHI charge state.9 Finally, they estimated the threshold value
of εe for continuous track formation in Ge to be about 46-49 keV/nm[115].
Therefore, it turns out that all the SHI irradiations of Ge performed in the current work
aresubthresholdones (cf. with Table3.3), which qualitatively explains thelow damaging ef-
ficiencyobserved (see Sect.4 1).
Further, it is worth mentioning that earlier investigations of amorphisation of various el-
emental and III-V binary semiconductors by a conventional implantation of 200 keV Ar+ or
300 keV Se+ at LNT or RT [116] also showed that the arsenides are more radiation-resistant
than the phosphides and elemental semiconductors (viz., Si and Ge). It was suggested that in
the arsenides an efficient defect transformation and anneali g occurin situat RT due to high
mobility of primary point defects formed by the ionic projectiles [116, 117]. Furthermore, it
was stated that in the phosphides the primarily formed clusters of defects are almost stable
and, therefore, the gradual transition from the initial crystalline to the final amorphous state
is put into effect via damage accumulation [5, 116]. Contrary, in the arsenides point defects
and point defect complexes are produced initially, whereasamorphous regions are generated
by a collapse-like process.
However, it still remains to be answered why materials with similar properties (cf., e.g.,
GaAs and InP, see Table3.1) behave themselves so differently under SHI irradiation. The ex-
8Ion track formation due to irradiation with MeV fullerenes ialso observed in Si [112, 113] and
GaAs [114].
9I.e., the visible by TEM isolated blobs constituting the iontracks are believed to be formed due to ion-
atomic collisions leading to instantaneous loss of many electrons by the SHI. Such an event noticeably increases
the momentary energy loss, that in this way might exceed the threshold for track formationε thre until the next
ion-charge-changing process comes into play (see also Sect. 5.3, p.53).
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isting models that try to answer this question are divided into two basic classes. The first class
is constituted by the so-called “topological” models that relate the radiation resistance of ma-
terials to their respective geometrical structure (e.g., see Ref. [118]). The second large class
includes various models that relate the resistance to certain physical or chemical properties
of materials, like ionicity, density, elastic moduli, glass-forming ability, or melting point (as
reviewed, e.g, in Ref. [119]). Nevertheless, to our knowledge, up to now no model is ableto
describe all different materials self-consistently.
Chapter 7
Summary and conclusions
SHI bombardment of crystalline materials leads to the formation of radiation damage. In
Ge and GaAs the respective damage concentrationsnda are still relatively low even for the
highest ion fluences used; furthermore, the value ofnda saturates at ca. 1-3% with the on-
going irradiation. Most probably, for these materials the treshold value of the electronic
energy deposition to melt the material is not yet reached with 593 MeV Au ions which is in
agreement with results published by other groups.
SHI irradiation of Ge and GaAs samples predamaged by means ofconventional keV im-
plantation leads to damage annealing. The last effect is very large for certain experimental
conditions; the annealed fraction can reach 90% and more with no indication of the satura-
tion [15, 18]. Further, the SHI-induced annealing in predamaged GaAs appears to be widely
determined by the integral electronic energy density introduced by SHI’s into the material.
The obtained TEM results suggest that in the case of heavily predamaged but not yet amor-
phised materials the existing remnants of the crystalline inclusions aligned with the initially
perfect lattice are “growing” under the SHI irradiation until the almost complete recrystalli-
sation. However, the lattice recrystallised in this way is not perfect and contains micro-twins
of different size and shape as well as dense twin lamellae andst cking faults [15].
Contrary, SHI bombardment of InP in above-threshold electronic stopping regimes pro-
duces very noticeable amount of radiation damage in form of point defect clusters and ion
tracks [9–11] due to the high electronic energy depositionεe. With increasing ion fluence
single-ion tracks accumulate and overlap that finally leadsto formation of amorphous sur-
face layers at large ion fluences [9, 10, 18, 19]. However, contrary to the bulk, a thin surface
layer (tens of nanometres) remains almost undamaged. This feature has to be ascribed to
the increasing value ofεe with depth1 within the first tens of nm [19]. Generally speaking,
in above-threshold regimes the radiation damage production is determined by the electronic
energy deposition, while in the subthreshold regime the obsrved damage accumulation is at
least to a large part due to the nuclear energy loss.
1That is characteristic, e.g., to SHI’s having an initial chargeqinit lower than the mean equilibrium one for
the bulkqmean.
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The RBS investigations performed prove that neither the ion energy loss per unit path
length nor the total energy deposition per unit volume alonecan describe SHI irradiation
effects in InP. Therefore, the radial distribution of the energy deposition2 has to be taken
into account. This demand is realised in our computer code “HEAT” based on the thermal
spike (TS) model. We show that the experimental data on ion track formation in InP can
be qualitatively and quantitatively described on the basisof the inelastic thermal spike (TS)
model that has been originally used only for metallic targets. The presented extension of
the TS model on semiconductors covers mainly the very first stage of the energy transfer
from SHI’s (so-called “ionisation spikes”). The most important input parameter governing
the electron-phonon coupling efficiency is determined fromavailable experimental data. The
calculated maximum atomic temperature exceeds the meltingpoint within a certain interval
of ion energies in the case of Xe and Au irradiation at RT, but not at LNT, and not for Kr
one. The calculated track radii vary with ion energyE and thus withεe; further, they are
reasonable and correlate well with the RBS and TEM results.3
Further, our simulation results prejudice the amenity of a single value of the threshold
LET, ε thre as a fundamental quantity that is commonly used for the description of track for-
mation in solids irradiated with different ion species. So,it is shown that there is no universal
RT-threshold for track formation in InP. More specifically,the threshold energy loss depends
on the ion atomic numberZ1: ε thre is higher for lighter ions (12.0 keV/nm and 14.8 keV/nm
for RT irradiations with Au and Xe, respectively).
Our experimental and simulation results on the LNT-irradiations as well as on the sub-
threshold irradiations at RT support the idea that the formation of visible tracks requires the
material predamaging [10], unless each SHI penetrating perfectly ordered virgin InPdirectly
produces a track that is noticeably larger than point defectclusters and large enough to be
stable.
Thus, the extended TS model offers a self-consistent way to explain the influence of
various irradiation conditions (ion mass, ion energy, irradiation temperature, etc.) on the ion
track formation and damage accumulation in InP and, therefore, can make a contribution to
a better understanding of the underlying mechanisms.
The damage annealing in conventionally predamaged InP due to SHI irradiation dom-
inates the damage formation for the sub-threshold irradiation with 140 MeV Kr for which
the damage formation in virgin InP is very low. In contrast, the above-threshold irradiations
(e.g., 390 MeV Xe and 593 MeV Au) yield a much higher damage formation in virgin InP
and have hardly any effect on the annealing in the pre-damaged material, but increase the
defect concentration.
The performed experiments on intermixing of Bi/GaAs and Bi/InP layered systems allow
one to conclude that the observed large difference between the magnitude of the intermixing
2That depends upon both ion species and ion energy.
3Including experimental results published by other authors.
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in Bi/GaAs and Bi/InP layered systems can be easily understoodif assuming that in GaAs,
contrary to InP, no molten tracks are formed. It is worth mentioning that this conclusion
correlates well with other RBS and TEM results presented in thecurrent work.
Generally, on the basis of the experimental data presented for Ge, GaAs and InP, one
can suggest that two concurrent processes take placesimultaneouslyduring SHI irradiation
of solids: both radiationdamage formationandannealing. Whether the first or the second
one plays a more important role depends on the SHI mass and energy.
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[80] M. RAFF, M. SCHÜTZE, C. TRAPPE, R. HANNOT, AND H. KURZ: In: Phys. Rev. B
50 (1994), p. 11031
[81] K. SOKOLOWSKI-TINTEN, J. BIALKOWSKI , AND D. VON DER L INDE: In: Phys.
Rev. B51 (1995), p. 14186
[82] L. HUANG, J.P. CALLAN , E.N. GLEZER, AND E. MAZUR: In: Phys. Rev. Lett.80
(1998), p. 185
[83] B.T. PRICE: In: Rep. Progr. Phys.18 (1955), p. 52
[84] S.P. AHLEN: In: Rev. Mod. Phys.52 (1980), p. 121
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